Performance Comparison of Alternative Representations of Traffic Volume in Safety Performance Functions for Rural Road Intersections by Khadka, Unica
Masthead Logo
University of Connecticut
OpenCommons@UConn
Master's Theses University of Connecticut Graduate School
5-12-2019
Performance Comparison of Alternative
Representations of Traffic Volume in Safety
Performance Functions for Rural Road
Intersections
Unica Khadka
unica.khadka@uconn.edu
This work is brought to you for free and open access by the University of Connecticut Graduate School at OpenCommons@UConn. It has been
accepted for inclusion in Master's Theses by an authorized administrator of OpenCommons@UConn. For more information, please contact
opencommons@uconn.edu.
Recommended Citation
Khadka, Unica, "Performance Comparison of Alternative Representations of Traffic Volume in Safety Performance Functions for
Rural Road Intersections" (2019). Master's Theses. 1350.
https://opencommons.uconn.edu/gs_theses/1350
Performance Comparison of Alternative Representations of Traffic  
Volume in Safety Performance Functions for Rural Road Intersections 
 
 
 
 
 
Unica Khadka 
B.E., Visvesvaraya Technological University, 2016 
 
 
 
 
 
 
 
 
 Thesis 
 Submitted in Partial Fulfillment of the 
 Requirements for the Degree of 
Master of Science 
 At the  
University of Connecticut – 2019
ii 
 
Copyright by 
Unica Khadka 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
             
                                                              2019 
iii 
 
APPROVAL PAGE 
Master of Science Thesis 
 
Performance Comparison of Alternative Representations of Traffic Volume 
in Safety Performance Functions at Rural Road Intersections 
 
Presented By 
Unica Khadka, B.E. 
 
 
Major Advisor________________________________________________________________ 
John N. Ivan 
 
Associate Advisor_____________________________________________________________ 
Eric D. Jackson 
 
Associate Advisor_____________________________________________________________ 
Nalini Ravishanker 
 
University of Connecticut 
2019 
  
iv 
 
Acknowledgments  
I would like to express my deepest gratitude to everyone who made this thesis possible.  
To begin with, my major advisor Prof. John Ivan for his continuous guidance and motivation in 
each and every step of my graduate studies and research. To Dr. Eric Jackson for exposing me to 
different research scopes through the meetings at Connecticut Transportation Safety Research 
Center and for evaluating my work as an associate advisor. I would like to thank Dr. Nalini 
Ravishanker for her insight and providing feedback on my work as an associate advisor. 
In addition to my advisory committee, I would like to thank the graduate students at CAST 
205 for their constant support and always creating a great work environment.  A special thanks to 
Amit for helping me throughout my thesis and coursework.  
Finally, to my parents for their unconditional love and motivation. Thank you for calling 
me everyday to make sure I am doing good. The journey would not have been smooth without 
your moral support.    
v 
 
Table of Contents 
Acknowledgments.............................................................................................................. iv 
Table of Contents ................................................................................................................ v 
List of Tables ..................................................................................................................... vi 
List of Figures ................................................................................................................... vii 
Abstract .............................................................................................................................. ix 
1. Introduction ............................................................................................................... 1 
2. Literature Review...................................................................................................... 6 
3. Data and Methodology ............................................................................................ 10 
3.1 Data ..................................................................................................................... 10 
3.2 Methodology ....................................................................................................... 13 
4. Results and Discussion ........................................................................................... 20 
5. Conclusion and Recommendations ......................................................................... 41 
5.1 Conclusion ........................................................................................................... 41 
5.2 Recommendations ............................................................................................... 43 
References ......................................................................................................................... 44 
Appendix A……………………………………………………………………………..A-1 
Appendix B……………………………………………………………………………..B-1 
 Appendix C……………………………………………………………………………..C-1  
 
 
vi 
 
List of Tables 
Table 1: Descriptive Statistics for Average Condition SPFs (3ST) - Minnesota ......................... 11 
Table 2: Descriptive Statistics for Average Condition SPFs (4ST) - Minnesota ......................... 11 
Table 3: Descriptive Statistics for Average Condition SPFs (4SG) - Minnesota ......................... 11 
Table 4: Descriptive Statistics for Average Condition SPFs (3ST) - Ohio .................................. 12 
Table 5: Descriptive Statistics for Average Condition SPFs (4ST) - Ohio .................................. 12 
Table 6: Descriptive Statistics for Average Condition SPFs (4SG) - Ohio .................................. 12 
Table 7: Number of crash type scenarios for which each volume function gives the best fit for 
training and test data sets by facility type and state ...................................................................... 21 
Table 8: Number of facility type scenarios for which each volume function gives the best fit for 
training and test data sets by crash type and state ......................................................................... 21 
Table 9: Parameter Estimates and Goodness-of-Fit measures of Intersecting Direction Crashes for 
4ST intersections of OH................................................................................................................ 23 
Table 10: Parameter Estimates and Goodness-of-Fit measures of Segment Related Crashes for 3ST 
intersections of OH ....................................................................................................................... 31 
Table 11: Parameter Estimates and Goodness-of-Fit measures of Same Direction Crashes for :4ST 
intersections of MN....................................................................................................................... 35 
 
vii 
 
List of Figures 
Figure 1: Graphical Representation of Hoerl function (Hauer, 2014) ............................................ 7 
Figure 2: SPF plots of Intersecting Direction Crashes along with observed crashes plotted against 
Major Approach AADT for different ranges of Minor Approach AADT of 4ST intersections of 
Ohio............................................................................................................................................... 24 
Figure 3: Hoerl A function SPF plots of Intersecting Direction Crashes along with observed 
crashes plotted against Major Approach AADT for different ranges of Minor Approach AADT of 
4ST intersections of Ohio ............................................................................................................. 25 
Figure 4: Hoerl B function SPF plots of Intersecting Direction Crashes along with observed crashes 
plotted against Major Approach AADT for different ranges of Minor Approach AADT of 4ST 
intersections of Ohio ..................................................................................................................... 26 
Figure 5 (a-f): CURE Plots for training data set of 4ST facility type- OH ................................... 27 
Figure 6 (a-f): CURE Plots for test data set of 4ST facility type- OH.......................................... 28 
Figure 7(a-f): CURE Plots for different jurisdiction data set of 4ST facility type- OH ............... 29 
Figure 8 (a-f): CURE Plots for training data set of 3ST facility type- OH ................................... 32 
Figure 9(a-f): CURE Plots for test data set of 3ST facility type- OH ........................................... 33 
Figure 10: Power function SPF plots of Same Direction Crashes along with observed crashes 
plotted against Major Approach AADT for different ranges of Minor Approach AADT of 4ST 
intersections of Minnesota ............................................................................................................ 36 
Figure 11: Hoerl A function SPF plots of Same Direction Crashes along with observed crashes 
plotted against Major Approach AADT for different ranges of Minor Approach AADT of 4ST 
intersections of Minnesota ............................................................................................................ 37 
viii 
 
Figure 12: Hoerl B function SPF plots of Same Direction Crashes along with observed crashes 
plotted against Major Approach AADT for different ranges of Minor Approach AADT of 4ST 
intersections of Minnesota ............................................................................................................ 38 
Figure 13 (a-f): CURE Plots for training data set of 4ST facility type- MN ................................ 39 
Figure 14 (a-f): CURE Plots for test data set of 4ST facility type- MN ....................................... 40 
 
  
ix 
 
Abstract 
The Highway Safety Manual (HSM) provides methods to integrate quantitative estimates 
of crash frequency and severity into planning, project-level analysis, and evaluation for safety 
improvement. Part C of the HSM provides predictive methods to estimate the predictive average 
crash frequency of a network and introduces the concept of Safety Performance Functions (SPFs). 
The functional form and the coefficient of SPFs estimated in the HSM may not apply for a different 
state because of differences in crash report quality, traffic counts, and weather conditions, etc. To 
improve the accuracy of the prediction, agencies can develop their own jurisdiction-specific SPFs. 
A significant advantage of developing jurisdiction-specific SPFs is the opportunity to explore 
alternate functional forms instead of the default forms in the HSM to better capture relationships 
in the local crash data and improve accuracy. 
 In this study, along with the commonly used power function in the HSM, two types of 
Hoerl functions are explored to represent the relationship between crashes and traffic volume for 
developing SPFs for rural intersection crashes. The performance of SPFs is not just evaluated 
based on how well they predict crashes for the crash type and facility type they are generated for. 
The stability of the functional form is also assessed in predicting crashes across various data sets 
such as data of the same jurisdiction and different jurisdictions which are not used to generate the 
SPFs. Various goodness-of-fit measures such as Mean Absolute Deviation and Cumulative 
Residual Plots are used to compare the performance of the functions.
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1. Introduction 
According to data from the Fatality Analysis Reporting System (FARS) in 2016, 50 percent 
of road fatalities occurred in rural areas (NHTSA and U.S. DOT, 2016). Given that only 19 percent 
of the United States population lived in rural areas at that time, this indicates a higher crash fatality 
rate in rural areas than in urban areas. Among the 5,811,000 total crashes that occurred in the 
United States in 2008, about 40 percent of the crashes were intersection or intersection-related 
crashes(NHTSA and U.S.DoT, 2008). More than 80 percent of the rural intersection fatalities 
occur at unsignalized intersections, which are the majority of rural area intersections. According 
to a study by ITS Institute at the University of Minnesota, rural unsignalized intersections account 
for over 20 percent of all fatal crashes in Minnesota. Intersection crashes are typically caused by 
improper slowing, stopping, crossing and turning maneuvers of traffic. Most of the crashes in rural 
intersections are due to the high speed of vehicles for each approach and one or more vehicle 
failing to stop or yield at such speeds (Kuehl et al., 2016).  
In the past, researchers used various methods to identify and prioritize sites to improve 
road safety. In 2010, the first edition of the Highway Safety Manual (HSM)  (AASHTO, 2010) 
was published. The HSM introduces a technical approach to conduct safety analysis while also 
considering transportation performance measures, environmental impacts and construction costs. 
The HSM provides methods to integrate quantitative estimates of crash frequency and severity into 
planning, project-level analysis, and program development and evaluation for safety improvement. 
Part C of the HSM provides predictive methods to estimate the predictive average crash frequency 
of a network and introduces the concept of Safety Performance Functions (SPFs). SPFs are 
regression models that are developed for different facility types that estimate average crash 
frequency as a function of traffic volume and roadway characteristics. SPFs in the HSM are 
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developed and validated using data from four states for base conditions which generally refer to 
typical roadway and site characteristics.  
The functional form and the coefficient of SPFs estimated in the Highway Safety Manual 
may not apply for a different state because of differences in crash report quality, traffic counts, 
and weather conditions, among other issues. Consequently, SPFs need to be calibrated based on 
the conditions of the local jurisdiction. However, to improve the accuracy of the prediction, 
agencies can develop their own jurisdiction-specific SPFs and eliminate the need for calibration. 
A significant advantage of developing jurisdiction-specific SPFs is the opportunity to explore 
alternate functional forms instead of using the default forms in the HSM to better capture 
relationships in the local crash data and improve accuracy.  
In the HSM, the functional form of the SPFs for intersection models is in the form of a 
power function with the traffic volumes on each intersecting approach raised to a power. The 
power function is commonly used because it is simple and satisfies the boundary condition that if 
the traffic volume on the approach is zero, then predicted crashes should be zero. While this is true 
in the case of road segments, intersection crashes would not necessarily be zero if the traffic 
volume on either approach is zero.  Crashes that are caused by vehicles traveling on just one of the 
approaches such as rear-end collision, single-vehicle crashes, turning same direction crashes do 
not necessarily require traffic volume on the other approach. The exponents on the traffic volume 
variables are usually expected to be positive since the number of crashes is likely to increase with 
the increase in traffic volume on either road. However, this may not be true in many cases as the 
rate of crashes does not necessarily increase with the increase in traffic volume. For example, the 
rate of single-vehicle crashes does not necessarily increase with the increase in traffic volume as 
they are usually a result of driver error such as losing control or high speed (Dong et al., 2018). 
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Also, in the case of an uncongested freeway, the increase in crashes is gradual at the beginning 
with lower traffic volume. However, when the critical traffic density is reached, the crashes begin 
to increase at a faster rate (Kononov et al., 2011). Any further increase in traffic density would 
then lead to a reduction in crashes due to a high degree of congestion and reduction in operating 
speeds. Hauer suggests that a functional form that allows a peak, valleys and a point of inflection 
would be more appropriate for certain crash types (Hauer, 2004). This relationship between crashes 
and the traffic volume could be explained with a Hoerl function. The Hoerl function allows for a 
concave/convex shaped relationship with inflection points and provides more flexibility (Hauer, 
2015). A Hoerl function is a composite function formed by multiplying a power function by an 
exponential function and has the ability to provide greater flexibility. 
Given that most of the intersection crashes occur at unsignalized intersections in rural 
settings, we categorized the intersection facilities based on the number of legs and the type of 
intersection control. To maintain consistency with the facility types of rural intersections in the 
HSM, the SPFs are generated for three intersection facility types, three-legged stop control (3ST), 
four-legged stop control (4ST) and four-legged signalized (4SG) intersections for two-lane rural 
highways. Three-legged signalized (3SG) intersections are not common in a rural setting and are 
not considered in this research. It is logical that the relationship between traffic flow and the 
number of crashes can differ among the crash types. Therefore, for each intersection type, along 
with the total crash count, three other crash types, including segment related crashes, same 
direction crashes and intersecting direction crashes are modeled for all severity levels.  
In this study, along with the commonly used power function, two types of Hoerl functions 
are explored to represent the relationship between crashes and traffic volume for developing SPFs 
for rural intersection crashes. The performance of SPFs is not just evaluated based on how well 
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they predict crashes for the crash type and facility type for which the SPFs are generated. The 
stability of the functional form is also assessed in predicting crashes across various data sets such 
as sample data of the same jurisdiction and different jurisdictions which are not used to generate 
the SPFs. Goodness-of-fit measures such as Mean Absolute Deviation, and Cumulative Residual 
Plots are used to compare the performance of the functions.  
The three main objectives of this study are to answer the following questions:  
• What functional form of SPF would best fit the observed crash data? 
• Which functional form is more transferable to predict crashes in another 
jurisdiction? 
• Does the shape of the SPF vary depending on crash type? 
This thesis consists of a single study comprising the development and evaluation of models 
for the three facility types mentioned above. Chapter 1 includes the background and motivation of 
the study along with the objectives. The second chapter provides a literature review which 
describes the methodologies that are mostly used to develop jurisdiction specific SPFs. As the 
primary focus of the thesis is to evaluate performances based on the functional form, studies which 
address the importance of functional form and the shape of SPFs are emphasized in the chapter. 
Chapter 3 consists of descriptions of the data source and the data used in this study and the details 
of the methodology used in developing the SPFs and evaluating their performance. The results of 
the study are then discussed in chapter 4. In total 72 models are generated in the study, and it was 
not feasible to discuss the results from all models in the body of the thesis. The parameter 
estimates, the goodness-of-fit measures, and relevant plots are shown for models that were 
noteworthy. Chapter 5 summarizes the content of the report and provides recommendations for 
future studies.  Parameter estimates, and results for all models estimated are included in the 
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appendices. Appendix A, Appendix B, and Appendix C consist of parameter estimates, the 
goodness-of-fit measures, the SPF plots along with the observed crashes, and the Cumulative plots 
for training, test, and different jurisdiction data for 3ST, 4ST and 4SG intersections respectively. 
The appendices include results for all crash types of Minnesota and Ohio intersections.   
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2. Literature Review 
In statistical road safety modeling, a model equation is used to predict the number of 
crashes expected to occur on an entity as a function of its traits (Hauer, 2004). The process 
comprises curve-fitting in which the modeler chooses a function that would be fitted to the data. 
Safety Performance Function (SPF) development process primarily consists of two stages – First, 
selecting a functional form available in statistical software to a set of data (Kononov et al., 2011). 
Second, using statistical techniques to estimate the regression parameters of the selected function. 
A number of mathematical functions could be chosen to fit the same data. Modelers tend to pay 
more attention to the task of estimating the variable parameters, overlooking the fact that the 
parameter estimates depend entirely on the functional form and the distribution chosen to model 
the equation. Thus, the task of selecting the best function is of primary importance. If the functional 
form that is used is inappropriate, the regression coefficients have no clear meaning, and there is 
little interest in their estimated value or precision. Hauer suggests testing and comparing different 
functional forms (Hauer, 2004) 
Surprisingly little attention is given to selecting the functional form of SPFs in research 
and practice given that the function in which the predictor variables combine actually matters the 
most in developing models. A product of the power function and its parameters were chosen for 
its simplicity as a starting point in developing models for most crash prediction efforts. However, 
such a simple functional form does not perform well with all data. One of the remedies in such 
case is to use alternative functions by modifying the power function. Another approach is to 
multiply a base function with a modifier function that adds details to the shape of the basic function 
and is used to represent the influence of variables that modify the function. A Hoerl function is a 
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composite function formed by multiplying a power function (basic function) by an exponential 
function (modifier function) and is known to provide greater flexibility (Hauer, 2014). 
 
Figure 1: Graphical Representation of Hoerl function (Hauer, 2014) 
 
Previous research has found that in every model the Annual Average Daily Traffic 
(AADT), which represents traffic volume, is the most influential factor to predict crashes 
(Kamińska, 2014). The shape of SPF is best described by a sigmoid reflecting dose-like 
relationship between safety and traffic demand. In uncongested traffic (low values of AADT), the 
number of crashes increases moderately with increasing traffic. Once the critical traffic density is 
reached, the crashes tend to increase at a faster rate. With the increasing traffic and congestion, the 
crash rate decreases due to the reduction in vehicle speed (Kononov, 2008). SPFs for multilane 
freeways in different states vary due to different reporting thresholds, climate, and other local 
factors, yet sigmoid functional shapes of the Safety Performance Functions generated by the 
Neural Network (NN) regression are similar.  
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The power function tends to be more popular in modeling road safety because most 
Generalized Linear Modeling (GLM) statistical packages accommodate it with little effort rather 
than it being suitable to describe the underlying processes that result in crashes (Kononov et al., 
2011). The SPF is developed by modeling annual crash counts at a population of facilities as a 
function of traffic at the facilities. Hoerl functions are used to represent underlying relationships 
between safety and exposure. The function is a very flexible non-linear model and lends itself well 
to capture the overall shape of the observed data (Kononov et al., 2015). Sigmoidal functional 
forms generated using Neural Networks consistently showed a superior fit compared to the GLM 
generated SPFs with a power function (Kononov et al., 2011). Kononov advocates the fact that 
power function may not necessarily be the best function to represent the relationship between 
safety and traffic volume as the power function showed more bias within certain ranges of AADT 
departing outside of 2 standard deviations in the cumulative residual plots.  
In addition to total crashes, it is often helpful to develop models in a more disaggregate 
level such as crash type. The disaggregate approach helps to better reveal the relation between the 
number of crashes and traffic flow (Qin et al., 2004). For instance, an angle collision involves two 
vehicles driving on intersecting roads with different traffic flows, whereas single-vehicle crashes 
involve only one vehicle and would be dependent on the traffic flow of only one approach (Jonsson 
et al., 2008). Furthermore, some intervention in an intersection might decrease the frequency of 
angle collision while increasing the chances of rear-end collisions. Estimating models by crash 
types helps to identify sites with high risk for specific types of crashes (Lyon et al., 2009).  This 
also helps to learn more about ways in which crash types are associated with traffic volumes. 
A study (Lord et al., 2005) on how to appropriately model crash data, given the vast array 
of modeling choices, concluded that Poisson and Negative Binomial models serve as statistical 
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approximations to the crash process. While the Poisson model serves well under homogeneous 
conditions, Negative Binomial models serve better in other situations. The Poisson regression 
approach has a constraint that the mean and variance of the distribution must be equal. When this 
constraint is violated, the standard errors estimated will be biased, and the test statistics from the 
model will be incorrect (Abdulhafedh, 2017). Studies have shown that crash data are usually over-
dispersed. To overcome the problems due to over-dispersion, the Negative Binomial model, an 
extension of the Poisson model can be used. 
The absolute true functional form of a model equation is nearly unfathomable (Hauer, 
2004) and there is no concrete answer to why modelers use the power function (Hauer, 2014). 
Perhaps one of the main reasons that support the use of the power function in road safety modeling 
in addition to the simplicity of the functional form is due to its stability across all data, variables 
and crash types. The use of a complex composite function for developing crash prediction models 
can be pointless if some crash types relate to the predictor variables much better with a simple 
power function. The performance of crash prediction models could also depend on the facility type 
i.e. the intersection control type in the case of intersections which will be evaluated in the next 
chapters of this thesis.  
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3. Data and Methodology  
3.1 Data 
 The study aims to explore alternate functional forms and evaluate their performance based 
on crash prediction and stability across different data. Assessing the stability of a function requires 
data from two or more jurisdictions. Minnesota and Ohio state intersection data are available from 
the Highway Safety Information System (HSIS) are used in the study. HSIS has a database from 
multiple states that contains crash, roadway inventory and traffic volume data provided voluntarily 
to the Federal Highway Administration by the participating states which are further prepared for 
analysis. The Ohio data from HSIS does not have complete intersection data for research, so 
additional data from the Ohio Department of Transportation (ODOT) are obtained for the study. 
Seven years of crash data (2003-2009) from Minnesota and three years of crash data (2009-2011) 
from Ohio are used to generate SPFs. The crashes are assigned to the intersection/roadway files 
using the beginning and end milepost provided in both files. Rural intersections with average 
condition, i.e., with road features unspecified, are chosen for the study. Average condition models 
require less data to develop and deploy than models developed using specified base condition 
which would require additional adjustment factors and calibration. These average condition SPFs 
apply over a large roadway network and are used in the network screening process to identify sites 
that are most likely to realize a reduction in crash frequency with the implementation of a safety-
based program, countermeasure, or treatment. 
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Tables 1 to 6 present the descriptive statistics of the data for facility types listed below 
from both the states. SPFs are developed for the following intersection facility types for both the 
states: 
• Rural two-lane three-legged intersection with stop control (3ST) 
• Rural two-lane four-legged intersection with stop control (4ST) 
• Rural two-lane four-legged intersection with signalized control (4SG) 
Table 1: Descriptive Statistics for Average Condition SPFs (3ST) - Minnesota  
Variable Crashes  
Mean  S.D.  Minimum  Maximum  
Sample Size =755 (2003-2009)  
Major Approach AADT   3591.56 3428.11 308 21329  
Minor Approach AADT    593.331 742.723 4 6418 
Total Crashes 1938 2.56 3.58 0 29 
Segment Related Crashes 819 1.08 1.588 0 13 
Same Direction Crashes  459 0.6 1.42 0 19 
Intersecting Direction Crashes 336 0.44 1.14 0 14 
 
Table 2: Descriptive Statistics for Average Condition SPFs (4ST) - Minnesota 
Variable Crashes  
Mean  S.D.  Minimum  Maximum  
Sample Size = 1348 (2003-2009)  
Major Approach AADT   3139.43 1465.18 112 19670.8 
Minor Approach AADT    691.93 876.52 4 11270.8 
Total Crashes 4525 3.35 4.49 0 45 
Segment Related Crashes 1154 0.85 1.27 0 9 
Same Direction Crashes  1071 0.79 1.54 0 16 
Intersecting Direction Crashes 1716 1.27 2.45 0 33 
 
Table 3: Descriptive Statistics for Average Condition SPFs (4SG) - Minnesota 
Variable Crashes  
Mean  S.D.  Minimum  Maximum  
Sample Size = 63 (2003-2009)  
Major Approach AADT   9230 3931.28 2125 19500 
Minor Approach AADT    4046 2579.9 352 10665 
Total Crashes 535 8.49 8.29 0 46 
Segment Related Crashes 70 1.11 1.56 0 6 
Same Direction Crashes  222 3.52 3.75 0 20 
Intersecting Direction Crashes 197 3.12 3.33 0 18 
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Table 4: Descriptive Statistics for Average Condition SPFs (3ST) - Ohio 
Variable Crashes  
Mean  S.D.  Minimum  Maximum  
Sample Size = 16368 (2009-2011)  
Major Approach AADT   2884.525 2451.98 70 31600 
Minor Approach AADT    963.46 1261.97 8 28232 
Total Crashes 7920 0.48 1.09 0 20 
Segment Related Crashes 3906 0.23 0.64 0 20 
Same Direction Crashes  2130 0.13 0.518 0 16 
Intersecting Direction Crashes 936 0.05 0.08 0 7 
 
Table 5: Descriptive Statistics for Average Condition SPFs (4ST) - Ohio 
Variable Crashes  
Mean  S.D.  Minimum  Maximum  
Sample Size = 6564 (2009-2011)  
Major Approach AADT   2964.33 2206.81 90 21990 
Minor Approach AADT    988.03 1167.71 4 10914 
Total Crashes 5851 0.89 1.98 0 23 
Segment Related Crashes 1336 0.203 0.585 0 8 
Same Direction Crashes  1208 0.184 0.69 0 20 
Intersecting Direction Crashes 2621 0.4 1.181 0 15 
 
Table 6: Descriptive Statistics for Average Condition SPFs (4SG) - Ohio  
Variable Crashes  
Mean  S.D.  Minimum  Maximum  
Sample Size = 388 (2009-2011)  
Major Approach AADT   6569.7 4273.7 910 31500 
Minor Approach AADT    3556.734 3171.55 95 26890 
Total Crashes 720 1.86 2.72 0 15 
Segment Related Crashes 44 0.11 0.35 0 2 
Same Direction Crashes  321 0.829 1.51 0 12 
Intersecting Direction Crashes 355 0.91 1.55 0 9 
 
The crash type categories are defined from the data based on the contributing factors of the 
crash. The relation between the contributing factor of the crash and road features might offer more 
reliable information about ways to reduce crashes. The crash types categorized using K-mean 
cluster by (Zhang et al., 2007) are used in this study. Segment related crashes consisted of roll-
over (RO), fixed object (FO), head-on (HO), and sideswipe opposite-direction (SOD) crashes. 
Segment related crashes had contributing factors such as driver lost control, speed too fast for 
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condition, driver on the wrong side of the road, etc. These crashes can occur at any point along the 
route and are not necessarily caused due to an intersection. Sideswipe same-direction (SSD), 
turning same-direction (TSD), and rear-end (RE) crashes are categorized as same direction crashes 
based on the direction of travel and contributing factors such as improper passing maneuver and 
following too closely. While Zhang’s study suggests rear-end crashes to form its own cluster, the 
rear-end crashes are placed in the same crash type as same direction crashes for this study based 
on the direction of travel. Intersecting direction crashes consists of angle collision (ANG) and 
turning intersecting-direction (TID) with contributing factors such as fail to grant the right of way 
and violate traffic control.  With the data used, the count of total crashes is not equal to the sum of 
individual crash types because some crashes could not be categorized due to missing variables.    
The data set is divided into a training data set for estimation and a test data set for validation 
of the models. For all facility types, the data are divided 80% into training and 20% into test data, 
respectively. Due to low intersection counts for Minnesota 4SG facilities, the data set is divided 
90% and 10% training and test data, respectively.  
 
3.2 Methodology 
Crash count data are generally overdispersed in nature. Overdispersion occurs when the 
variance of the data is greater than its mean. When the mean and variance of the data are not equal, 
the variances of the estimated Poisson model coefficients tend to be underestimated and are biased 
(Abdulhafedh, 2017). To account for overdispersion in count data, the Negative Binomial (NB) 
distribution is used to model the SPFs. 
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In the NB distribution, the mean parameter for each site, i, is  λ𝑖 =  𝑓(βX𝑖)  × exp(ε𝑖)  ……………………………………………………………………....(1) 
 
Where, 𝜀𝑖 = gamma-distributed disturbance term 𝑋𝑖 = vector of explanatory variables,  𝛽 = vector of estimable parameters (coefficients on 𝑋𝑖) 
The most common relationship between the explanatory variables and 𝜆𝑖 is  𝑓(𝛽𝑋𝑖) = exp(𝛽𝑋𝑖) …………………………………………………………………………..(2) 
Or 
  ln[𝑓(𝛽𝑋𝑖)] = 𝛽𝑋𝑖……………………………………………………………………………... (3) 
The above functional form is a power function and is also referred to as a log-linear model. 
The log-linear model is popular for counts because it ensures the dependent variable (that is, the 
predicted crashes) is always positive or zero. Taking the log of both sides of the equation results 
in a linear combination of the predictor variables (that is, the X’s) on the right-hand side. This 
model form belongs to a category called generalized linear models (GLMs). In a GLM, the 
regression coefficients and their standard errors are typically estimated by maximizing the 
likelihood or log likelihood of the parameters for the data observed (NCHRP 17-62, 2018). The 
log-likelihood function of a NB distribution is as given below 
ln(𝐿(µ̂, 𝛼)) = Γ(𝛼−1+𝑦𝑖)  Γ(𝛼−1) 𝑦𝑖 !   + 𝑦𝑖 ln ( 𝛼µ?̂?1+𝛼µ?̂?) + 𝛼−1 ln ( 11+𝛼µ?̂?) …………………………………...(4) 
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Where,  µî= predicted values estimated by SPF; 𝑦𝑖 = observed number of accidents on the intersection; 𝛼 = scalar overdispersion parameter; L(µ, α) = negative binomial likelihood function; and 
Γ = gamma function. 
The functional form of the three SPFs used in the study are given below: 
Power functional form  
N =  Y ×  365 ×  e(β0) × (MajAADT)β1 × (MinAADT)β2  ……………………………………(5) 
Hoerl functional form A (Hoerl A) 
N =  Y × 365 × eβ0 × eβ1×(MajAADT1000 ) × (MajAADT)β2 × eβ3×(MinAADT1000 ) × (MinAADT)β4  …… (6) 
Hoerl functional form B (Hoerl B) 
N = Y × 365 × eβ0 × eβ1×(TotAADT1000 ) × (TotAADT)β2 × eβ3×(MinAADTTotAADT ) × (MinAADTTotAADT)β4  ………..(7) 
Where,  
N = Predicted number of crashes at the intersection;  
Y = Number of years; 
MajAADT = Annual Average Daily Traffic for major-road approaches;  
MinAADT = Annual Average Daily Traffic for minor-road approaches;  
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TotAADT = Annual Average Daily Traffic at intersection (sum of MajAADT and MinAADT);  
β0, β1, β2, β3, β4 = regression coefficients; 
The Hoerl function, a composite of the power and the exponential function, is used in this 
study with two different forms. The Hoerl-A function uses the major and minor traffic volume in 
roads. The Hoerl-B function, on the other hand, uses the total traffic volume in the intersection and 
the proportion of minor road volume to the total volume. 
 To evaluate the performance of negative binomial regression, the goodness of fit measures 
obtained from deviance residuals is the most appropriate method (Cameron and Windmeijer, 
1996). In negative binomial regression, raw residuals have a discrete asymmetric distribution with 
a variance that depends on the mean. Pearson residuals, the raw residuals divided by their standard 
errors, are still highly skewed if mean is modest. The deviance residual, di, is the signed square 
root of the log of the ratio of the probabilities for observation i with the actual fitted model and 
with the full model (Liu et al., 2005). di = sign(yi − µî)√2 {𝑦𝑖 ln (𝑦𝑖µî) −  (𝑦𝑖 + 𝛼−1) ln [𝑦𝑖+𝛼−1𝜇?̂?+𝛼−1] } …………………………………..(8) 
Where, di = deviance residual µî= predicted values from the model; 𝑦𝑖 = observed values; 𝛼 = scalar overdispersion parameter; 
First, the SPFs are estimated for each intersection facility type using the training data for 
each state for each crash type – Total Crashes, Segment Related Crashes, Same Direction Crashes, 
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and Intersecting Direction Crashes. The performance of the models with the training data is 
evaluated using The Calibrator tool, software owned by the Federal Highway Administration 
(FHWA). This spreadsheet-based tool helps users assess SPF and CMF compatibility and 
applicability and identifies the most appropriate SPFs and CMFs to apply from a list of 
alternatives. Also, the tool provides various goodness-of-fit measures and an assessment of how 
the predictions perform over the range of a variable in the SPF. The goodness-of-fit measures used 
in the study are obtained from The Calibrator tool. One of the limitations of the tool is that the 
goodness-of-fit measures are estimated based on the raw residuals instead of the deviance residual 
which would estimate more accurate results for count data. 
Mean Absolute Deviation (MAD) provides a measure of the average magnitude of 
variability of prediction. SPFs with a lower value of MAD are preferred. MAD is the sum of the 
absolute value of predicted minus observed crashes, divided by the number of sites.  
𝑀𝐴𝐷 = 𝛴|𝑦𝑖−µ?̂?|𝑛 …………………………………………………………………………………..(9) 
Where,  𝑦𝑖 = observed crash counts^ µ̂= predicted crashes from SPF 𝑛= number of sites 
The MAD describes the overall goodness-of-fit of SPFs. An SPF that overestimates in one 
range of a variable and underestimates it elsewhere may fit well overall but is biased everywhere. 
In SPF development, the most desirable feature is the absence of bias for all variable values which 
can be examined by a plot of residuals on the vertical axis against the variable of interest in the 
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horizontal axis (Hauer, 2014). A Cumulative Residual (CURE) plot is a graph of cumulative 
residuals that provide a visual representation of goodness-of-fit over a range of given variables. 
CURE plots help to identify potential concerns such as long trends that indicate bias over a range, 
cumulative residuals outside the confidence limits that indicate poor fit, and large vertical changes 
in the plot that indicate outliers in the data. Thus, here results from CURE plots are primarily used 
to compare which model fits better.  
To construct a CURE plot, at first, the variable of interest, i.e. the traffic volume in major 
and minor approach in this case, is sorted in ascending order from 1 to n, where n is the number 
of cases, and i is an integer between 1 and n.  For each site, the residuals (observed minus predicted 
crashes) and the squared residuals are calculated. Next, the cumulative residuals from 1 to i, S(i), 
and the cumulative squared residuals, σ2(i), are calculated for each site in ascending order. For 
each site, the sum of the cumulative squared residuals, σ2(n), is computed. The variance of the 
random walk is then estimated as 
𝜎2 =  𝜎2(𝑖) [1 − 𝜎2(𝑖)𝜎2(𝑛)] ……………..…………..……………………..………………………(10) 
The 95 percent lower and upper confidence limits are computed using the variance, which 
are also plotted with the cumulative residuals, S(i), on the y-axis against the variable of interest 
(traffic volume) on the x-axis (Lyon C., Persaud B., 2016). 
For a model that fits well in all ranges of AADT, the CURE plot should oscillate around 
zero. If the CURE value increases above zero, the model predicts fewer crashes than observed and 
a decreasing CURE line indicates fewer crashes have been observed than predicted by the model. 
A frequent departure of the CURE line beyond two standard deviations of a random walk suggests 
an ill-fitting model. 
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Once the SPFs are generated, and their performance is evaluated, the models are then used 
to predict crashes for the test data sample from the same state, i.e., the 20% data from the same 
jurisdiction. The models are evaluated based on the performances of CURE plots measured against 
major and minor approach AADT and the goodness-of-fit measures.  
To assess the stability of the functional form, the SPFs are used to predict crashes for data 
from another jurisdiction for each scenario. The model performances are evaluated using the same 
goodness-of-fit measures as described above.  
The SPFs are depicted graphically, plotting against major road AADT for different ranges 
of minor road AADT varying by the facility type. The observed crashes for the major road AADT 
and ranges of minor road AADT are represented by dots of different level of intensity depending 
on the range of AADT.  
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4. Results and Discussion 
Once the SPFs are estimated for each facility type and crash types, it is interesting to see 
how these models with different functional forms compare with each other. First, the parameters 
(βs) are estimated for each function. The parameters for each function along with the p-values can 
be found in the appendices for all the models. Second, the results from the Calibration tool are 
analyzed to compare the functional forms. From our analysis, Hoerl A function showed slightly 
better results when compared using the CURE plots and other goodness-of-fit measures for 
generating SPFs in most of the cases. However, when the functions are compared using the test 
data sample for the same jurisdiction, the results are mixed mostly between the Power function 
and Hoerl A function giving better results. To check for stability, sample data from a different state 
(Minnesota sample for Ohio models and vice versa) are tested. The power function always 
generates better CURE plots and better goodness-of-fit results when the models are used with data 
from a different jurisdiction, demonstrating the stability mentioned earlier.  
SPFs are estimated for 24 cases: three facility types (3ST, 4ST and 4SG), four crash types 
(total, segment related, same direction and intersecting direction crashes) and for both Minnesota 
and Ohio. Three different traffic volume functions are estimated for each of these cases: Power, 
Hoerl A and Hoerl B.  Table 7 and 8 show the number of crash type and facility type scenarios for 
which each functional form fits the data best for the training and test data for each state and in 
total. When predicting on the test data for the different state, the Power Function was always the 
best fit. Among these 24 cases, 14 showed better fit to the training data with Hoerl A and 5 each 
with Power and Hoerl B. Hoerl A, with the extra parameters, offers a better fit for the data with 
which it was estimated, but these extra parameters apparently may lead to overfitting those data 
and do not transfer well to other data sets.  
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Table 7: Number of crash type scenarios for which each volume function gives the best fit for 
training and test data sets by facility type and state 
 Training Test 
      MN OH Total     MN      OH Total 
3ST       
Power 0 2 2 2 3 5 
Hoerl A 1 2 3 0 1 1 
Hoerl B 3 0 3 2 0 2 
4ST       
Power 1 1 2 4 2 6 
Hoerl A 2 3 5 0 2 2 
Hoerl B 1 0 1 0 0 0 
4SG       
Power 1 0 1 1 2 3 
Hoerl A 3 3 6 2 1 3 
Hoerl B 0 1 1 0 1 1 
 
Table 8: Number of facility type scenarios for which each volume function gives the best fit for 
training and test data sets by crash type and state 
  Training   Test  
 MN OH Total MN OH Total 
Total       
Power 1 0 1 2 1 3 
Hoerl A 0 3 3 0 2 2 
Hoerl B 2 0 2 0 0 0 
Segment Related       
Power 0 0 0 1 3 4 
Hoerl A 3 3 6 1 0 1 
Hoerl B 0 0 0 1 0 1 
Same Direction       
Power 0 2 2 2 2 4 
Hoerl A 2 1 3 1 1 2 
Hoerl B 1 0 1 0 0 0 
Intersecting 
Direction 
      
Power 1 1 2 2 1 3 
Hoerl A 1 1 2 0 1 1 
Hoerl B 1 1 2 0 1 1 
 
 The estimated parameter values, plots of the SPFs and the goodness-of-fit and the CURE 
plots against traffic volume of major and minor approach for all model combinations are given in 
Appendix A, B and C.  Among them, a few noteworthy scenarios are discussed here.  
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Scenario 1: Intersecting Direction Crashes at 4ST Intersections in Ohio 
The model parameter estimates, the plots of crashes against the traffic volume and the 
CURE plots for the training and test data for the 4ST intersection of Ohio are shown in Table 9, 
Figures 2 through 4, and Figure 5(a -f), 6(a-f), and 7(a-f), respectively. Generating the Hoerl A 
function model for intersecting direction crashes at 4ST intersections in Ohio results in negative 
parameters for β1 and β4 (associated with the major and minor road volumes, respectively), which 
are also statistically significant. The power function model for that facility and crash type has 
positive parameters for the major and minor approach volumes, suggesting an increase in crashes 
with the increase in traffic volume. However, even with these negative parameters, the Hoerl A 
model generates better CURE plots as shown in figure 5(c and d) with less deviation when plotted 
against AADT. In fact, the long vertical drop in the cure plot for the Power function for the major 
road AADT also indicates overprediction of crashes, as expected from the positive parameters. 
The predicted number of crashes is closest to the observed crashes with the Hoerl A function.  
The observed crashes and the estimated crashes based on the developed SPF for the facility 
type for various ranges of minor road volumes are plotted against the major road volume and is 
shown below (see Figure 2-4). The number of crashes tends to decrease after reaching a certain 
traffic volume on the major road for all ranges of minor approach volume with Hoerl A (see Figure 
3).  
To confirm the nature of the relationship between crashes and traffic volume for the same 
jurisdiction, when the same functional forms are used to model the data for the test data of the 
same state, Hoerl A generates better CURE plots compared to Power. This result suggests that, for 
Ohio 4ST intersections, the intersecting direction crashes had a decreasing trend. This conclusion 
can be further confirmed by the fact that when modeled for another state data, Power performed 
23 
 
better (See Figure 7). It can be inferred that the Hoerl function lends itself well to capture the 
overall shape of the observed data and represents the relation between crashes and traffic volume 
better. 
Table 9: Parameter Estimates and Goodness-of-Fit measures of Intersecting Direction Crashes 
for 4ST intersections of OH 
4ST Intersections    State: OH   
Crash Type-Intersecting Direction  Functional form of SPF 
Coefficients * (p Values)  Power Hoerl A Hoerl B  
β0   -14.967(<0.0001) -16.91 (<0.0001) 
- 19.488 
(<0.0001) 
β1 0.388 (<0.0001) -0.052 (0.231) -0.127 (0.0001) 
β2 0.591 (<0.0001) 0.5601 (<0.0001) 1.479 (<0.0001) 
β3    -0.136 (0.019) 1.250 (0.058) 
β4   0.729 (<0.0001) 0.257 (0.047) 
-2LL 7414 7406.4 7391.7 
AIC 7422 7418.4 7403.7 
BIC 7448.2 7457.8 7443.1 
Goodness-of-fit Measures 
Same Jurisdiction training data: Observed Crashes = 2056 
Mean Absolute Deviation (MAD) 0.6 0.6 0.6 
Percentage CURE Deviation (AADT Maj) 58% 18% 12% 
Percentage CURE Deviation (AADT Min) 34% 13% 25% 
Predicted Crashes 2130.23 2068.53 2078.53 
Same Jurisdiction test data: Observed Crashes = 565 
Mean Absolute Deviation (MAD) 0.65 0.65 0.65 
Percentage CURE Deviation (AADT Maj) 8% 3% 3% 
Percentage CURE Deviation (AADT Min) 7% 0% 0% 
Predicted Crashes 539.29 522.56 526.22 
 Different Jurisdiction data: Observed Crashes = 1346 
Mean Absolute Deviation (MAD) 1.13 1.14 1.17 
Percentage CURE Deviation (AADT Maj) 3% 16% 24% 
Percentage CURE Deviation (AADT Min) 82% 79% 93% 
Predicted Crashes 836.97 822.66 801.24 
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Figure 2: SPF plots of Intersecting Direction Crashes along with observed crashes plotted against Major Approach AADT for 
different ranges of Minor Approach AADT of 4ST intersections of Ohio 
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Figure 3: Hoerl A function SPF plots of Intersecting Direction Crashes along with observed crashes plotted against Major 
Approach AADT for different ranges of Minor Approach AADT of 4ST intersections of Ohio 
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Figure 4: Hoerl B function SPF plots of Intersecting Direction Crashes along with observed crashes plotted against Major 
Approach AADT for different ranges of Minor Approach AADT of 4ST intersections of Ohio 
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Figure 5 (a-f): CURE Plots for training data set of 4ST facility type- OH 
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Figure 6 (a-f): CURE Plots for test data set of 4ST facility type- OH 
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Figure 7(a-f): CURE Plots for different jurisdiction data set of 4ST facility type- OH 
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Scenario 2: Segment related crashes at 3ST intersections of OH 
The model parameter estimates and the CURE plots of segment related crashes for the 
training and test data for the 3ST intersection of Ohio are shown in Table 10 and Figures 8(a-f) 
and 9(a-f), respectively. This scenario is a good example where overall goodness-of-fit measures 
overlook biasedness in the model. In this scenario, Hoerl functions A and B have negative 
parameters for β1 and β3 that are significant based on p-values. The parameters β1 and β3 are 
associated with major and minor road volumes in the case of Hoerl A and with total intersection 
traffic volume and proportion of minor road volume for Hoerl B respectively. The Power function 
has positive parameters for traffic volume on both the approaches. In addition, the Power function 
predicts the crashes closest to the observed crashes. However, the deviation in the CURE plot 
exceeds two standard deviations by 59% and 26% against major road AADT and minor road 
AADT, respectively, for the Power function as shown in Figure 8(a-b). This is one instance where 
even though the predicted crashes are close to observed crashes, the model is not necessarily the 
best fit because such overall fit overlooks biasedness over the range of a variable which is indicated 
by the CURE plot. As shown in the CURE plot, the Hoerl functions have lower deviations. 
When checked for the test data sample from the same jurisdiction, the Power function 
generates better if not similar CURE plots to Hoerl functions. The Power function which has a 
much simpler functional form offers a better fit for data other than which it was generated for.  
The analysis suggests that the use of complex models such as the Hoerl function for 
predicting crashes in another jurisdiction or using other data is not preferable. It is observed that 
the Hoerl function with the extra parameters leads to overfitting the data and do not transfer well 
to other data.  
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Table 10: Parameter Estimates and Goodness-of-Fit measures of Segment Related Crashes for 
3ST intersections of OH 
3ST Intersections   State: OH     
Crash Type-Segment Related Crashes  Functional form of SPF 
Coefficients * (p Values)  Power Hoerl A Hoerl B  
β0   -11.395 (<0.0001) -12.745 (<0.0001) -12.35(<0.0001) 
β1 0.289 (<0.0001) -0.053 (0.007) -0.054 (0.0002) 
β2 0.114 (<0.0001) 0.441 (<0.0001) 0.612 (<0.0001) 
β3 - -0.065 (0.033) -1.259 (0.002) 
β4 -  0.177 (<0.0001) 0.28 (0.0002) 
-2LL 15560 15543 15540 
AIC 15568 15555 15552 
BIC 15598 15600 15596 
Goodness-of-fit Measures 
Same Jurisdiction training data: Observed Crashes = 3151 
Mean Absolute Deviation (MAD) 0.39 0.39 0.39 
Percentage CURE Deviation (AADT Maj) 59% 16% 17% 
Percentage CURE Deviation (AADT Min) 26% 7% 7% 
Predicted Crashes 3154.57 3138.16 3166.3 
Same Jurisdiction test data: Observed Crashes = 755 
Mean Absolute Deviation (MAD) 0.38 0.38 0.38 
Percentage CURE Deviation (AADT Maj) 0% 0% 0% 
Percentage CURE Deviation (AADT Min) 3% 18% 21% 
Predicted Crashes 787.88 738.28 789.56 
 Different Jurisdiction data: Observed Crashes = 610 
Mean Absolute Deviation (MAD) 0.99 1 1 
Percentage CURE Deviation (AADT Maj) 9% 47% 50% 
Percentage CURE Deviation (AADT Min) 26% 19% 15% 
Predicted Crashes 340.67 333.89 335.36 
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Figure 8 (a-f): CURE Plots for training data set of 3ST facility type- OH 
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Figure 9(a-f): CURE Plots for test data set of 3ST facility type- OH 
34 
 
Scenario 3: Same Direction Crashes at 4ST intersections in Minnesota 
This scenario is a typical representation of the majority of cases where the Hoerl function 
performs slightly better in developing SPFs but produces a similar fit when used for test data. The 
model parameter estimates, the plots of crashes against the traffic volume and the CURE plots for 
the training and test data for the same direction crashes at the 4ST intersection of Minnesota are 
shown in Table 11, Figures 10 through 12, and Figures 13(a-f) and 14(a-f), respectively.  Both 
Hoerl functions have negative β3 parameters for the variable associated with the traffic volume on 
minor road.  
The plots of SPF against traffic volume shows that the Hoerl A function has a varying slope after 
reaching a certain value of AADT on major approach. As discussed before, the Hoerl function 
lends itself well to adapt to the data.  
Also, the CURE plots against minor approach traffic volume of Hoerl A is slightly better 
compared to Power and Hoerl B. The estimated negative parameter for traffic volume on minor 
approach, which is significant, also produces better CURE plot. For major approach AADT, the 
CURE plots are similar for all the functions. The results are similar for all goodness-of-fit measures 
including CURE plots when the SPFs are used to predict crashes using the test data.  
This is a good representation for most of the models that showed better fit with Hoerl A function 
when predicting crashes for the training data set. The Power function produced better fit for the 
majority of the models when used to predict the crashes for test data set or data from another 
jurisdiction.   
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Table 11: Parameter Estimates and Goodness-of-Fit measures of Same Direction Crashes for 
:4ST intersections of MN 
4ST Intersections   State: MN     
Crash Type-Same Direction  Functional form of SPF 
Coefficients * (p Values)  Power Hoerl A Hoerl B  
β0   -19.216 (<0.0001) -18.114 (<0.0001) -19.073(<0.0001) 
β1 1.026(<0.0001) 0.058 (0.087)  0.009 (0.753) 
β2 0.430(<0.0001) 0.771 (<0.0001) 1.412(<0.0001) 
β3 - -0.149 (0.053) -0.944(0.1878) 
β4 -  0.565 (<0.0001) 0.366(0.0011) 
-2LL 2122.5 2116.8 2121.5 
AIC 2130.5 2128.8 2133.5 
BIC 2150.4 2158.7 2163.4 
Goodness-of-fit Measures 
Same Jurisdiction training data: Observed Crashes = 815 
Mean Absolute Deviation (MAD) 0.72 0.7 0.72 
Percentage CURE Deviation (AADT Maj) 1% 1% 1% 
Percentage CURE Deviation (AADT Min) 1% 0% 3% 
Predicted Crashes 814.27 807.91 817.85 
Same Jurisdiction test data: Observed Crashes =256 
Mean Absolute Deviation (MAD) 0.78 0.76 0.79 
Percentage CURE Deviation (AADT Maj) 3% 3% 3% 
Percentage CURE Deviation (AADT Min) 0% 1% 0% 
Predicted Crashes 208.20 205.78 208.86 
 Different Jurisdiction data: Observed Crashes = 963 
Mean Absolute Deviation (MAD) 0.29 0.29 0.29 
Percentage CURE Deviation (AADT Maj) 77% 91% 80% 
Percentage CURE Deviation (AADT Min) 46% 28% 52% 
Predicted Crashes 1840.94 1736.77 1876.51 
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Figure 10: Power function SPF plots of Same Direction Crashes along with observed crashes plotted against Major Approach 
AADT for different ranges of Minor Approach AADT of 4ST intersections of Minnesota 
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Figure 11: Hoerl A function SPF plots of Same Direction Crashes along with observed crashes plotted against Major Approach 
AADT for different ranges of Minor Approach AADT of 4ST intersections of Minnesota 
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Figure 12: Hoerl B function SPF plots of Same Direction Crashes along with observed crashes plotted against Major Approach 
AADT for different ranges of Minor Approach AADT of 4ST intersections of Minnesota 
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Figure 13 (a-f): CURE Plots for training data set of 4ST facility type- MN 
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Figure 14 (a-f): CURE Plots for test data set of 4ST facility type- MN 
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5. Conclusion and Recommendations 
5.1 Conclusion 
The functional form of the SPF depends on the nature of the relationship between crashes 
and traffic volume. In this study, three different functional forms are explored to define the relation 
of traffic volume and crashes for rural intersections in Minnesota and Ohio. The Power function 
is the form used in developing SPFs in the HSM and is the most commonly used SPF form in 
research. The Hoerl function, a composite function, is considered in the study because of its nature 
to provide greater flexibility and potential for better capturing hypothesized relationships in the 
data. The Hoerl function was used in two different ways. The Hoerl A function has the major and 
minor approach volumes as independent variables, and the Hoerl B function has total intersection 
volume and the proportion of minor road volume as independent variables. From the goodness-of-
fit measures, the Hoerl A function performed better compared to the of Hoerl B function except in 
a few cases.  
As discussed in Chapter 4, Hoerl A produced better fit when used to predict crashes for the 
training data (data used to generate SPF) for the majority of cases. This could be due to the fact 
that the extra parameters in the Hoerl function helped to fit the data well. The Hoerl A function 
generated comparatively better CURE plots and other goodness-of-fit measures. When the 
performance of the functions is compared for the test dataset, the results of Hoerl A is similar to 
that of the Power function, and in some cases, the power function performed better. When 
compared for data from another jurisdiction, the power function clearly generated better plots and 
results for all the facility type and crash types. Notably, in models where the traffic volume had 
negative and significant parameter estimates, Hoerl A functions produced a better fit suggesting 
that the increase in traffic volume does not necessarily increase crashes. For instance, in scenario 
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1 (Intersecting direction crashes for 4ST intersections of Ohio), negative parameters are estimated 
for traffic volumes on both approaches in Hoerl functions, but the Power function had positive 
parameter estimates. The Power function, which generates all positive parameter estimates, in fact, 
generates very poor CURE plots compared to the Hoerl function with the cumulative residuals 
exceeding the 2-standard deviation.  However, the extra parameters in the Hoerl A function 
compared to the Power function apparently led to overfitting the data in this case. This can be 
observed from the CURE plots generated using different jurisdiction data. CURE plots generated 
by Power function are better than Hoerl functions against both major and minor road AADT, 
making Hoerl functions unsuitable for predicting crashes for facilities other than what it is 
generated for. 
 From this study, it is observed that the relationship between all the crash types and traffic 
volume do not have one best functional form. While some crash types are represented better by 
Power function, others are presented well by Hoerl functions. The relationship depends on the 
contributing factors of the crash. The contributing factors of the crashes depend largely on the area 
type and road characteristics. Nature of crashes, traffic flow, and roadway geometry are different 
in urban/suburban areas than in rural areas. It can be expected that the performances of functions 
vary based on the traffic flow condition. Exploring how the functional forms perform in a different 
setting could also help identify a superior functional form that can be used for a particular area 
type.   
For instance, from Table 7, we can observe that Hoerl A function produced a better fit for 
segment related crashes for all intersection facility type for the training data set.  As the segment 
related crashes at an intersection do not depend on intersecting vehicles, this could suggest that a 
composite function such as the Hoerl function could capture the relationship and predict crashes 
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better at segments as well. Regarding the performance of the functions based on facility type, from 
Table 8, we can see that among the facility types, crashes in both four-legged intersection is well 
represented by Hoerl A function. However, for the three-legged intersection, Power function 
produced a better fit.  
The aim of the thesis was to evaluate the performance of the three functional forms for 
capturing the nature of the crashes and assess their transferability. It can be concluded that the 
relationship between crashes and traffic volume cannot be represented by an absolute functional 
form. The relation depends on many factors such as the contributing factors, area type, facility 
type and, roadway geometry, etc. In conclusion, the aim of the thesis was to evaluate the 
performance of the three functional forms for capturing the nature of the crashes and assess their 
transferability. 
5.2 Recommendations 
From this study, the use of Hoerl A function can be recommended if the jurisdiction 
develops its own SPFs for intersections. However, if the aim is to generate a SPF and use it to 
predict crashes for facilities other than what it was generated for, the Power function is 
recommended. Additional research can be done to study the relationship between crashes and 
traffic volume at urban/suburban intersections. Since 4SG intersections in rural intersections were 
better represented by Hoerl A function, and signalized intersections are more common in urban 
area setting, it would not be surprising if Hoerl A function produced a better fit. However, it could 
also be possible that the Hoerl A function might not do a better job at predicting crashes because 
the relationship between crashes and traffic volume depend on the contributing factors. The 
contributing factors, in turn, depend on the area type and roadway geometry and conditions.  
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Appendix A: 3ST models of Minnesota and Ohio 
This Appendix presents the parameter estimates and the plots of crashes against the traffic 
volume for the 3ST intersections of in Minnesota and Ohio for all crash types – total, segment 
related, same direction and both direction crashes. 
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State: Minneosta 
Crash Type: Total 
Table A- 1: Parameter Estimates and Goodness-of-Fit measures of Total Crashes for :3ST 
intersections of MN 
 
3ST Intersections State:  Minnesota 
Crash Type-Total Crashes Functional form of SPF 
Coefficients * (p Values)  Power Hoerl A Hoerl B  
β0  -14.628 (<0.0001) -12.931 (<0.0001) -15.025 
(<0.0001) β1 0.727  (<0.0001) 0.034 (0.1449) 0.014 ( 5533
β2 0.298 (<0.0001) 0.553 (<0.0001) 0.965 (<0.0001) 
β3 - 0.206  (0.0335) 1.223 ( 0.0493) 
β4 -  0.202  (0.0011) 0.082 (0.2731) 
-2LL 2306.7 2299.7 2291.3 
AIC 2314.7 2311.7 2303.3 
BIC 2332.3 2338.1 2329.7 
Goodness-of-fit Measures 
Same Jurisdiction training data: Observed Crashes = 1553 
Mean Absolute Deviation (MAD) 1.83 1.8 1.78 
Percentage CURE Deviation (AADT 
Maj) 
0% 1% 0% 
Percentage CURE Deviation (AADT 
Min) 
17% 14% 3% 
Predicted Crashes 1577.07 1553.61 1528.27 
Same Jurisdiction test data: Observed Crashes = 385 
Mean Absolute Deviation (MAD) 1.87 1.76 1.78 
Percentage CURE Deviation (AADT 
Maj) 
8% 46% 19% 
Percentage CURE Deviation (AADT 
Min) 
29% 4% 9% 
Predicted Crashes 399.30 447.13 414.58 
 Different Jurisdiction data: Observed Crashes = 1597 
Mean Absolute Deviation (MAD) 0.66 0.68 0.66 
Percentage CURE Deviation (AADT 
Maj) 
55% 91% 48% 
Percentage CURE Deviation (AADT 
Min) 
87% 95% 95% 
Predicted Crashes 3666.95  4488.02  4083.39 
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Figure A-1: Power function SPF plots of Total Crashes along with Observed Crashes plotted against Major Approach AADT for 
different ranges of Minor Approach AADT of 3ST intersections of Minnesota 
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Figure A-2: Hoerl A function SPF plots of Total Crashes along with Observed Crashes plotted against Major Approach AADT 
for different ranges of Minor Approach AADT of 3ST intersections of Minnesota 
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Figure A-3: Hoerl B function SPF plots of Total Crashes along with Observed Crashes plotted against Major Approach AADT for 
different ranges of Minor Approach AADT of 3ST intersections of Minnesota 
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Figure A- 4 (a-f): CURE Plots for training data set of 3ST facility type of MN 
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Figure A- 5(a-f): CURE Plots for test data set of 3ST facility type of MN 
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b) Total  Crashes for Power function 
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Figure A- 6(a-f): CURE Plots for different jurisdiction data set of 3ST facility type of MN 
a) Total  Crashes for Power function 
c) Total  Crashes for Hoerl A function d)Total  Crashes for Hoerl A function 
e) Total  Crashes for Hoerl B function f) Total  Crashes for Hoerl B function 
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Crash Type: Segment Related Crashes 
Table A-2: Parameter Estimates and Goodness-of-Fit measures of Segment Related Crashes for 
3ST intersections of MN 
 
3ST Intersections State:  Minnesota 
Crash Type-Segment Related Crashes Functional form of SPF 
Coefficients * (p Values)  Power Hoerl A Hoerl B  
β0   -11.919 (<0.0001) -10.443 (<0.0001) -11.918 
(<0.0001) β1 0.370 (<0.0001) 0.035 (0.235) 0.024 (0.418
β2 0.187 (<0.0001) 0.204 (0.161) 0.446 (0.005) 
β3 - 0.137 (0.129) 1.569(0.050) 
β4 -  0.121 (0.079) -0.018 (0.846) 
-2LL 1622.7 1619 1614.8 
AIC 1630.7 1631 1626.8 
BIC 1648.3 1657.4 1653.2 
Goodness-of-fit Measures 
Same Jurisdiction training data: Observed Crashes = 610 
Mean Absolute Deviation (MAD) 0.99 0.98 0.98 
Percentage CURE Deviation (AADT 
Maj) 
0% 0% 0% 
Percentage CURE Deviation (AADT 
Min) 
0% 0% 0% 
Predicted Crashes 608.47 610.56 609.08 
Same Jurisdiction test data: Observed Crashes = 209 
Mean Absolute Deviation (MAD) 1.26 1.25 1.25 
Percentage CURE Deviation (AADT 
Maj) 
1% 1% 1% 
Percentage CURE Deviation (AADT 
Min) 
32% 32% 29% 
Predicted Crashes 146.95 146.31 150.01 
 Different Jurisdiction data: Observed Crashes = 755 
Mean Absolute Deviation (MAD) 0.38 0.38 0.38 
Percentage CURE Deviation (AADT 
Maj) 
31% 55% 15% 
Percentage CURE Deviation (AADT 
Min) 
71% 94% 94% 
Predicted Crashes 1436.79  1521.11 1551.98 
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Figure A-7: Power function SPF plots of Segment Related Crashes along with Observed Crashes plotted against Major Approach 
AADT for different ranges of Minor Approach AADT of 3ST intersections of Minnesota 
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Figure A-8: Hoerl A function SPF plots of Segment Related Crashes along with Observed Crashes plotted against Major 
Approach AADT for different ranges of Minor Approach AADT of 3ST intersections of Minnesota 
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Figure A-9: Hoerl B function SPF plots of Segment Related Crashes along with Observed Crashes plotted against Major Approach 
AADT for different ranges of Minor Approach AADT of 3ST intersections of Minnesota 
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Figure A-10(a-f): CURE Plots for training data set of 3ST Intersections of MN 
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Figure A-11(a-f): CURE Plots for test data set of 3ST Intersections of MN 
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Figure A-12(a-f): CURE  Plots for different jurisdiction data set of 3ST Intersections of MN 
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Crash Type: Same Direction Crashes 
Table A-3: Parameter Estimates and Goodness-of-Fit measures of Same Direction Crashes for 
3ST intersections of MN 
 
3ST Intersections State:  Minnesota 
Crash Type-Same Direction Crashes Functional form of SPF 
Coefficients * (p Values)  Power Hoerl A Hoerl B  
β0   -21.871 (<0.0001) -22.183 (<0.0001) -24.365(<0.0001) 
β1 1.303(<0.0001) -0.013 (0.731)  -0.040 (0.3485) 
β2 0.428(<0.0001) 1.380 (<0.0001) 1.987 (<0.0001) 
β3 - 0.053 (0.634) -0.273 (0.7979) 
β4 -  0.379 (0.0007) 0.267 (0.038) 
-2LL 979.2 978.8 976.3 
AIC 987.2 990.8 988.3 
BIC 1004.8 991 988.5 
Goodness-of-fit Measures 
Same Jurisdiction training data: Observed Crashes = 363 
Mean Absolute Deviation (MAD) 0.58 0.58 0.58 
Percentage CURE Deviation (AADT 
Maj) 
2% 2% 2% 
Percentage CURE Deviation (AADT 
Min) 
0% 1% 2% 
Predicted Crashes 374.31 372.97 368.44 
Same Jurisdiction test data: Observed Crashes = 96 
Mean Absolute Deviation (MAD) 0.65 0.64 0.63 
Percentage CURE Deviation (AADT 
Maj) 
19% 19% 19% 
Percentage CURE Deviation (AADT 
Min) 
16% 17% 17% 
Predicted Crashes 77.07 77.12 79.09 
 Different Jurisdiction data: Observed Crashes = 443 
Mean Absolute Deviation (MAD) 0.21 0.21 0.21 
Percentage CURE Deviation (AADT 
Maj) 
26% 15% 32% 
Percentage CURE Deviation (AADT 
Min) 
71% 87% 91% 
Predicted Crashes 830.34 867.10 888.71 
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Figure A-13: Power function SPF plots of Same Direction Crashes along with Observed Crashes plotted against Major Approach 
AADT for different ranges of Minor Approach AADT of 3ST intersections of Minnesota 
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Figure A-14: Hoerl A function SPF plots of Same Direction Crashes along with Observed Crashes plotted against Major 
Approach AADT for different ranges of Minor Approach AADT of 3ST intersections of Minnesota 
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Figure A-15: Hoerl B function SPF plots of Same Direction Crashes along with Observed Crashes plotted against Major 
Approach AADT for different ranges of Minor Approach AADT of 3ST intersections of Minnesota 
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Figure A-16 (a-f) : CURE  Plots for training data set of 3ST Intersections of MN 
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Figure A-17(a-f): CURE  Plots for test data set of 3ST Intersections of MN 
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Figure A-18(a-f): CURE  Plots for different jurisdiction data set of 3ST Intersections of MN 
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Crash Type: Intersecting Direction Crashes 
Table A-4: Parameter Estimates and Goodness-of-Fit measures of Intersecting Direction Crashes 
for 3ST intersections of MN 
3ST Intersections State:  Minnesota 
Crash Type-Intersecting Direction 
Crashes 
Functional form of SPF 
Coefficients * (p Values)  Power Hoerl A Hoerl B  
β0   -18.79 (<0.0001) -18.865 (<0.0001) -22.64(<0.0001) 
β1 0.758(<0.0001) -0.041 (0.347)  -0.060 (0.1932) 
β2 0.627(<0.0001) 0.944 (0.0003) 1.735 (<0.0001) 
β3 - 0.262 (0.042) 1.854( 0.1215) 
β4 -  0.392(0.0021) 0.265(0.096) 
-2LL 915.3 909.9 908.8 
AIC 923.3 921.9 920.8 
BIC 940.9 948.3 947.2 
Goodness-of-fit Measures 
Same Jurisdiction training data: Observed Crashes = 283 
Mean Absolute Deviation (MAD) 0.52 0.51 0.51 
Percentage CURE Deviation (AADT 
Maj) 
12% 5% 7% 
Percentage CURE Deviation (AADT 
Min) 
1% 0% 0% 
Predicted Crashes 279.94 291.04 280.90 
Same Jurisdiction test data: Observed Crashes = 53 
Mean Absolute Deviation (MAD) 0.43 0.41 0.43 
Percentage CURE Deviation (AADT 
Maj) 
19% 18% 17% 
Percentage CURE Deviation (AADT 
Min) 
54% 60% 62% 
Predicted Crashes 57.88 60.65 61.89 
 Different Jurisdiction data: Observed Crashes = 195 
Mean Absolute Deviation (MAD) 0.11 0.11 0.11 
Percentage CURE Deviation (AADT 
Maj) 
27% 87% 30% 
Percentage CURE Deviation (AADT 
Min) 
92% 94% 94% 
Predicted Crashes 778.10 1055.94  885.71  
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Figure A-19: Power function SPF plots of Intersecting Direction Crashes along with Observed Crashes plotted against Major 
Approach AADT for different ranges of Minor Approach AADT of 3ST intersections of Minnesota 
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Figure A-20: Hoerl A function SPF plots of Intersecting Direction Crashes along with Observed Crashes plotted against Major 
Approach AADT for different ranges of Minor Approach AADT of 3ST intersections of Minnesota 
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Figure A-21: Hoerl B function SPF plots of Intersecting Direction Crashes along with Observed Crashes plotted against Major 
Approach AADT for different ranges of Minor Approach AADT of 3ST intersections of Minnesota 
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Figure A-22(a-f): CURE  Plots for training data set of 3ST Intersections of MN 
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Figure A-23(a-f): CURE  Plots for test data set of 3ST Intersections of MN 
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Figure A-24 (a-f): CURE  Plots for different jurisdiction data set of 3ST Intersections of MN 
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State: Ohio  
Crash Type: Total Crashes 
Table A- 5: Parameter Estimates and Goodness-of-Fit measures of Total Direction Crashes for 
3ST intersections of OH 
     
3ST Intersections State: Ohio 
Crash Type-Total Crashes Functional form of SPF 
Coefficients * (p Values)  Power Hoerl A Hoerl B  
β0  -13.42 (<0.0001)  -13.095 (<0.0001)  - 13.574(0.0001) 
0.0001) β1 0.59 (<0.0001) 0.019 (0.2141) 0 ( 9982
β2 0.158 (<0.0001) 0.536 (<0.0001) 0.7591 (<0.0001) 
β3   -0.007 (0.749) -0.515 (0.092) 
β4   0.168(<0.0001) 0.099 (0.076) 
-2LL 22806 22804 22732 
AIC 22814 22816 22804 
BIC 22843 22861 22849 
Goodness-of-fit Measures 
Same Jurisdiction training data: Observed Crashes = 6323 
Mean Absolute Deviation (MAD) 0.66 0.66 0.66 
Percentage CURE Deviation (AADT 
Maj) 
13% 10% 19% 
Percentage CURE Deviation (AADT 
Min) 
13% 12% 17% 
Predicted Crashes 6187.37 6353.56 6771.55 
Same Jurisdiction test data: Observed Crashes = 1597 
Mean Absolute Deviation (MAD) 0.66 0.66 0.66 
Percentage CURE Deviation (AADT 
Maj) 
30% 24% 22% 
Percentage CURE Deviation (AADT 
Min) 
24% 24% 22% 
Predicted Crashes 1543.67 1583.86 1690.60 
 Different Jurisdiction data: Observed Crashes = 1553 
Mean Absolute Deviation (MAD) 1.88 1.86 1.88 
Percentage CURE Deviation (AADT 
Maj) 
56% 58% 35% 
Percentage CURE Deviation (AADT 
Min) 
52% 99% 76% 
Predicted Crashes 685.5 279.71 760.73 
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Figure A-25: Power function SPF plots of Total Crashes along with Observed Crashes plotted against Major Approach AADT 
for different ranges of Minor Approach AADT of 3ST intersections of Ohio 
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Figure A-26: Hoerl A function SPF plots of Total Crashes along with Observed Crashes plotted against Major Approach AADT 
for different ranges of Minor Approach AADT of 3ST intersections of Ohio 
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Figure A-27: Hoerl B function SPF plots of Total Crashes along with Observed Crashes plotted against Major Approach AADT 
for different ranges of Minor Approach AADT of 3ST intersections of Ohio 
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Figure A- 28(a-f): CURE Plots for training data set of 3ST facility type- OH 
 A-40 
 
   
 
-120
-100
-80
-60
-40
-20
0
20
40
60
80
0 5000 10000 15000 20000
C
u
m
u
la
ti
v
e
 R
e
si
d
u
a
ls
Major Approach AADT
Cumulative
Res.
+  2σ
- 2σ
-100
-80
-60
-40
-20
0
20
40
60
80
0 5000 10000 15000
C
u
m
u
la
ti
v
e
 R
e
si
d
u
a
ls
Minor Approach AADT
Cumulative
Res.
+ 2σ
- 2σ
-100
-80
-60
-40
-20
0
20
40
60
80
0 5000 10000 15000 20000
C
u
m
u
la
ti
v
e
 R
e
si
d
u
a
ls
Major Approach AADT
Cumulative
Res.
+  2σ
- 2σ
-100
-80
-60
-40
-20
0
20
40
60
80
0 5000 10000 15000
C
u
m
u
la
ti
v
e
 R
e
si
d
u
a
ls
Minor Approach AADT
Cumulative
Res.
+ 2σ
- 2σ
-100
-80
-60
-40
-20
0
20
40
60
80
0 5000 10000 15000 20000
C
u
m
u
la
ti
v
e
 R
e
si
d
u
a
ls
Major Approach AADT
Cumulative
Res.
+ 2σ
- 2σ
-100
-80
-60
-40
-20
0
20
40
60
80
0 5000 10000 15000
C
u
m
u
la
ti
v
e
 R
e
si
d
u
a
ls
Minor Approach AADT
Cumulative
Res.
+ 2σ
- 2σ
a) Total Crashes for Power function b) Total Crashes for Power function 
c) Total Crashes for Hoerl A function d) Total Crashes for Hoerl A function 
Figure A- 29(a-f): CURE Plots for test data set of 3ST facility type- OH 
e) Total Crashes for Hoerl B function f) Total Crashes for Hoerl B function 
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Figure A- 30(a-f): CURE Plots for different jurisdiction data set of 3ST facility type- OH 
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Crash Type: Segment Related Crashes 
Table A-6: Parameter Estimates and Goodness-of-Fit measures of Segment Related Crashes for 
3ST intersections of OH 
 
 
3ST Intersections State: Ohio 
Crash Type-Segment Related Crashes Functional form of SPF 
Coefficients * (p Values)  Power Hoerl A Hoerl B  
β0   -11.395 (<0.0001) -12.745 (<0.0001) -12.35(<0.0001) 
β1 0.289 (<0.0001) -0.053 (0.007) -0.054 (0.0002) 
β2 0.114 (<0.0001) 0.441 (<0.0001) 0.612 (<0.0001) 
β3 - -0.065 (0.033) -1.259(0.002) 
β4 -  0.177 (<0.0001) 0.28 (0.0002) 
-2LL 15560 15543 15540 
AIC 15568 15555 15552 
BIC 15598 15600 15596 
Goodness-of-fit Measures 
Same Jurisdiction training data: Observed Crashes = 3151 
Mean Absolute Deviation (MAD) 0.39 0.39 0.39 
Percentage CURE Deviation (AADT 
Maj) 
59% 16% 17% 
Percentage CURE Deviation (AADT 
Min) 
26% 7% 7% 
Predicted Crashes 3154.57 3138.16 3166.3 
Same Jurisdiction test data: Observed Crashes = 755 
Mean Absolute Deviation (MAD) 0.38 0.38 0.38 
Percentage CURE Deviation (AADT 
Maj) 
0% 0% 0% 
Percentage CURE Deviation (AADT 
Min) 
3% 18% 21% 
Predicted Crashes 787.88 738.28 789.56 
 Different Jurisdiction data: Observed Crashes = 610 
Mean Absolute Deviation (MAD) 0.99 1 1.01 
Percentage CURE Deviation (AADT 
Maj) 
9% 47% 50% 
Percentage CURE Deviation (AADT 
Min) 
26% 19% 15% 
Predicted Crashes 340.67 333.89 335.36 
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Figure A-31: Power function SPF plots of Segment Related Crashes along with Observed Crashes plotted against Major Approach 
AADT for different ranges of Minor Approach AADT of 3ST intersections of Ohio 
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Figure A-32: Hoerl A function SPF plots of Segment Related Crashes along with Observed Crashes plotted against Major 
Approach AADT for different ranges of Minor Approach AADT of 3ST intersections of Ohio 
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Figure A-33: Hoerl B function SPF plots of Segment Related Crashes along with Observed Crashes plotted against Major 
Approach AADT for different ranges of Minor Approach AADT of 3ST intersections of Ohio 
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Figure A- 34(a-f): CURE Plots for training data set of 3ST facility type- OH 
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Figure A- 35(a-f): CURE Plots for test data set of 3ST facility type- OH 
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Figure A- 36(a-f): CURE Plots for different jurisdiction data set of 3ST facility type- OH 
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Crash Type: Same Direction Crash 
Table A-7: Parameter Estimates and Goodness-of-Fit measures of Same Direction Crashes for 
3ST intersections of OH 
 
 
 
 
3ST Intersections State: Ohio 
Crash Type-Same Direction Crashes Functional form of SPF 
Coefficients * (p Values)  Power Hoerl A Hoerl B  
β0   -20.914(<0.0001) -21.79 (<0.0001) -21.932(<0.0001) 
β1 1.326(<0.0001) -0.012 (0.659)  -0.018 (0.368) 
β2 0.172(<0.0001) 1.367(<0.0001) 1.598(<0.0001) 
β3 - 0.033 (0.295) -1.228(0.013) 
β4 -  0.126 (0.014) 0.0747 (0.374) 
-2LL 8788.5 8787.3 8770.9 
AIC 8796.5 8799.3 8782.9 
BIC 8826.4 8844.2 8827.7 
Goodness-of-fit Measures 
Same Jurisdiction training data: Observed Crashes = 1687 
Mean Absolute Deviation (MAD) 0.21 0.21 0.21 
Percentage CURE Deviation (AADT 
Maj) 
6% 7% 10% 
Percentage CURE Deviation (AADT 
Min) 
6% 7% 2% 
Predicted Crashes 1706.81 726.85 2886.15 
Same Jurisdiction test data: Observed Crashes = 443 
Mean Absolute Deviation (MAD) 0.21 0.22 0.22 
Percentage CURE Deviation (AADT 
Maj) 
61% 60% 57% 
Percentage CURE Deviation (AADT 
Min) 
12% 12% 14% 
Predicted Crashes 423.84 180.41 720.86 
 Different Jurisdiction data: Observed Crashes = 363 
Mean Absolute Deviation (MAD) 0.61 0.61 0.61 
Percentage CURE Deviation (AADT 
Maj) 
13% 14% 10% 
Percentage CURE Deviation (AADT 
Min) 
46% 54% 64% 
Predicted Crashes 223.95 93.32 381.62 
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Figure A-37: Power function SPF plots of Same Direction Crashes along with Observed Crashes plotted against Major Approach 
AADT for different ranges of Minor Approach AADT of 3ST intersections of Ohio 
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Figure A-38: Hoerl A function SPF plots of Same Direction Crashes along with Observed Crashes plotted against Major Approach 
AADT for different ranges of Minor Approach AADT of 3ST intersections of Ohio 
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Figure A-39: Hoerl B function SPF plots of Same Direction Crashes along with Observed Crashes plotted against Major Approach 
AADT for different ranges of Minor Approach AADT of 3ST intersections of Ohio 
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Figure A- 40(a-f): CURE Plots for training data set of 3ST facility type- OH 
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Figure A- 41(a-f): CURE Plots for test data set of 3ST facility type- OH 
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Figure A- 42(a-f): CURE Plots for different jurisdiction data set of 3ST facility type- OH 
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Crash Type: Intersecting Direction Crashes 
Table A-8: Parameter Estimates and Goodness-of-Fit measures of Intersecting Direction Crashes 
for 3ST intersections of OH 
 
            
             
             
             
3ST Intersections State: Ohio 
Crash Type-Intersecting Direction 
Crashes 
Functional form of SPF 
Coefficients * (p Values)  Power Hoerl A Hoerl B  
β0   -16.964(<0.0001) -16.89(<0.0001) -19.858(<0.0001) 
β1 0.627(<0.0001) -0.002(0.955)  -0.047 (0.084) 
β2 0.322(<0.0001) 0.633 (<0.0001) 1.167 (<0.0001) 
β3 - 0.0149 (0.763) 1.544(0.019) 
β4 -  0.303(0.0001) -0.265(0.322) 
-2LL 5302.7 5302.6 5277.5 
AIC 5310.7 5314.6 5289.5 
BIC 5340.6 5359.5 5334.3 
Goodness-of-fit Measures 
Same Jurisdiction training data: Observed Crashes = 741 
Mean Absolute Deviation (MAD) 0.11 0.11 0.11 
Percentage CURE Deviation (AADT 
Maj) 
1% 1% 17% 
Percentage CURE Deviation (AADT 
Min) 
7% 6% 49% 
Predicted Crashes 743.80 750.73 931.74 
Same Jurisdiction test data: Observed Crashes = 195 
Mean Absolute Deviation (MAD) 0.11 0.11 0.11 
Percentage CURE Deviation (AADT 
Maj) 
15% 15% 11% 
Percentage CURE Deviation (AADT 
Min) 
5% 5% 19% 
Predicted Crashes 184.88 186.58 233.98 
 Different Jurisdiction data: Observed Crashes = 283 
Mean Absolute Deviation (MAD) 0.57 0.57 0.61 
Percentage CURE Deviation (AADT 
Maj) 
52% 54% 41% 
Percentage CURE Deviation (AADT 
Min) 
68% 70% 97% 
Predicted Crashes 76.65 77.12 112.08 
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Figure A-43: Power function SPF plots of Intersecting Direction Crashes along with Observed Crashes plotted against Major 
Approach AADT for different ranges of Minor Approach AADT of 3ST intersections of Ohio 
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Figure A-44: Hoerl A function SPF plots of Intersecting Direction Crashes along with Observed Crashes plotted against Major 
Approach AADT for different ranges of Minor Approach AADT of 3ST intersections of Ohio 
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Figure A-45: Hoerl B function SPF plots of Intersecting Direction Crashes along with Observed Crashes plotted against Major 
Approach AADT for different ranges of Minor Approach AADT of 3ST intersections of Ohio 
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Figure A- 46(a-f): CURE Plots for training data set of 3ST facility type- OH 
a) Intersecting Direction Crashes for Power 
function 
b) Intersecting Direction Crashes for Power 
function 
c) Intersecting Direction Crashes for Hoerl A 
function 
d) Intersecting Direction Crashes for Hoerl A 
function 
e) Intersecting Direction Crashes for Hoerl B 
function 
f) Intersecting Direction Crashes for Hoerl B 
function 
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Figure A- 47(a-f): CURE Plots for test data set of 3ST facility type- OH 
a) Intersecting Direction Crashes for Power 
function 
b) Intersecting Direction Crashes for Power 
function 
c) Intersecting Direction Crashes for Hoerl A 
function 
d) Intersecting Direction Crashes for Hoerl A 
function 
e) Intersecting Direction Crashes for Hoerl B 
function 
f) Intersecting Direction Crashes for Hoerl B 
function 
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Figure A- 48(a-f): CURE Plots for different jurisdiction data set of 3ST facility type- OH 
a) Intersecting Direction Crashes for Power 
function 
b) Intersecting Direction Crashes for Power 
function 
c) Intersecting Direction Crashes for Hoerl A 
function 
d) Intersecting Direction Crashes for Hoerl A 
function 
e) Intersecting Direction Crashes for Hoerl B 
function 
f) Intersecting Direction Crashes for Hoerl B 
function 
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Appendix B: 4ST models of Minnesota and Ohio 
This Appendix presents the parameter estimates and the plots of crashes against the 
traffic volume for the 4ST intersections of in Minnesota and Ohio for all crash types – total, 
segment related, same direction and both direction crashes. 
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State: Minnesota 
Crash Type: Total Crashes 
Table B-1: Parameter Estimates and Goodness-of-Fit measures of Total Crashes for 4ST 
intersections of MN 
4ST Intersections   State: Minnesota     
Crash Type-Total Crashes  Functional form of SPF 
Coefficients * (p Values)  Power Hoerl A Hoerl B  
β0  -14.452 (<0.0001) -12.736(<0.0001) -14.449 (<0.0001) 
β1 0.596 (<0.0001) 0.056 (0.006) 0.0314 (0.0943) 
β2 0.479 (<0.0001) 0.385 (<0.0001) 0.965 (<0.0001) 
β3 - 0.072 (0.1337) 0.819(0.033) 
β4 -  0.430 (<0.0001) 0.227 (0.0003) 
-2LL 4401.2 4389.9 4370.6 
AIC 4409.2 4401.9 4382.6 
BIC 4429.1 4431.8 4412.5 
Goodness-of-fit Measures 
Same Jurisdiction training data: Observed Crashes = 3728 
Mean Absolute Deviation (MAD) 2.1 2.09 2.07 
Percentage CURE Deviation (AADT Maj) 1% 1% 1% 
Percentage CURE Deviation (AADT Min) 8% 0% 1% 
Predicted Crashes 3453.51 3794.06 3903.59 
Same Jurisdiction test data: Observed Crashes = 797 
Mean Absolute Deviation (MAD) 1.86 1.88 1.89 
Percentage CURE Deviation (AADT Maj) 1% 7% 4% 
Percentage CURE Deviation (AADT Min) 25% 25% 7% 
Predicted Crashes 830.24 895.05 922.80 
Different Jurisdiction data: Observed Crashes = 4623 
Mean Absolute Deviation (MAD) 1.11 1.12 1.12 
Percentage CURE Deviation (AADT Maj) 21% 62% 55% 
Percentage CURE Deviation (AADT Min) 54% 63% 72% 
Predicted Crashes 8765.36 9039.79 9562.23 
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Figure B-1: Power function SPF plots of Total Crashes along with Observed Crashes plotted against Major Approach AADT for 
different ranges of Minor Approach AADT of 4ST intersections of Minnesota 
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Figure B-2: Hoerl A function SPF plots of Total Crashes along with Observed Crashes plotted against Major Approach AADT for 
different ranges of Minor Approach AADT of 4ST intersections of Minnesota 
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Figure B-3: Hoerl B function SPF plots of Total Crashes along with Observed Crashes plotted against Major Approach AADT for 
different ranges of Minor Approach AADT of 4ST intersections of Minnesota 
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Figure B- 4(a-f): CURE Plots for training data set of 4ST facility type- MN 
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Figure B- 5 (a-f): CURE Plots for test data set of 4ST Intersections of MN 
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Figure B- 6 (e-f): CURE Plots for different jurisdiction data set of 4ST Intersections of MN 
b)Total  Crashes for Power function 
c)Total  Crashes for Hoerl A function d)Total  Crashes for Hoerl A function 
e)Total  Crashes for Hoerl B function f)Total  Crashes for Hoerl B function 
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Crash Type: Segment Related Crashes 
Table B-2: Parameter Estimates and Goodness-of-Fit measures of Segment Related Crashes for 
4ST intersections of MN 
 
 
 
 
4ST Intersections  State:  Minnesota     
Crash Type-Segment Related Crashes  Functional form of SPF 
Coefficients * (p Values)  Power Hoerl A Hoerl B  
β0   -13.512(<0.0001) -11.66 (<0.0001) -12.915 (<0.0001) 
β1 0.547(<0.0001) 0.084 (0.0077) 0.037 (0.176) 
β2 0.184 (<0.0001) 0.237(0.069) 0.576 (<0.0001) 
β3 - -0.082 (0.259) 0.397(0.521) 
β4 -  0.245 (0.0001) -0.031 (0.7323.) 
-2LL 2586.3 2582.8 2583.6 
AIC 2606.2 2612.7 2613.5 
BIC 2578.3 2570.8 2571.6 
Goodness-of-fit Measures 
Same Jurisdiction training data: Observed Crashes = 905 
Mean Absolute Deviation (MAD) 0.85 0.84 0.84 
Percentage CURE Deviation (AADT 
Maj) 
1% 1% 1% 
Percentage CURE Deviation (AADT 
Min) 
17% 18% 19% 
Predicted Crashes 902.01 909.97 1027.50 
Same Jurisdiction test data: Observed Crashes = 249 
Mean Absolute Deviation (MAD) 0.87 0.88 0.88 
Percentage CURE Deviation (AADT 
Maj) 
14% 25% 18% 
Percentage CURE Deviation (AADT 
Min) 
53% 51% 63% 
Predicted Crashes 230.04 230.82 260.37 
 Different Jurisdiction data: Observed Crashes = 1066 
Mean Absolute Deviation (MAD) 0.34 0.34 0.34 
Percentage CURE Deviation (AADT 
Maj) 
62% 5% 70% 
Percentage CURE Deviation (AADT 
Min) 
53% 58% 60% 
Predicted Crashes 1966.87 1941.06 2230.72 
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Figure B-7: Power function SPF plots of Segment Related Crashes along with Observed Crashes plotted against Major Approach 
AADT for different ranges of Minor Approach AADT of 4ST intersections of Minnesota 
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Figure B-8: Hoerl A function SPF plots of Segment Related Crashes along with Observed Crashes plotted against Major Approach 
AADT for different ranges of Minor Approach AADT of 4ST intersections of Minnesota 
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Figure B-9: Hoerl B function SPF plots of Segment Related Crashes along with Observed Crashes plotted against Major Approach 
AADT for different ranges of Minor Approach AADT of 4ST intersections of Minnesota 
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Figure B- 10(a-f):  CURE Plots for training data set of 4ST facility type of MN 
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Figure B- 11(a-f):  CURE Plots test data set of 4ST facility type of MN 
a) Segment Related Crashes with Power 
function 
b) Segment Related Crashes with Power 
function 
d) Segment Related Crashes with Hoerl A 
function 
c) Segment Related Crashes with Hoerl A 
function 
e) Segment Related Crashes with Hoerl B 
function 
f) Segment Related Crashes with Hoerl B 
function 
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Figure B- 12(a-f):  CURE Plots for different jurisdiction data set of 4ST facility type of MN 
a) Segment Related Crashes with Power 
function 
b) Segment Related Crashes with Power 
function 
d) Segment Related Crashes with Hoerl A 
function 
c) Segment Related Crashes with Hoerl A 
function 
e) Segment Related Crashes with Hoerl B 
function 
f) Segment Related Crashes with Hoerl B 
function 
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Crash Type: Same Direction Crashes 
Table B-3: Parameter Estimates and Goodness-of-Fit measures of Same Direction Crashes for 
4ST intersections of MN 
4ST Intersections   State: Minnesota     
Crash Type-Same Direction Crashes  Functional form of SPF 
Coefficients * (p Values)  Power Hoerl A Hoerl B  
β0   -19.216 (<0.0001) -18.114 (<0.0001) -19.073(<0.0001) 
β1 1.026(<0.0001) 0.058 (0.087)  0.009 (0.753) 
β2 0.430(<0.0001) 0.771 (<0.0001) 1.412(<0.0001) 
β3 - -0.149 (0.053) -0.944(0.1878) 
β4 -  0.565 (<0.0001) 0.366(0.0011) 
-2LL 2122.5 2116.8 2121.5 
AIC 2130.5 2128.8 2133.5 
BIC 2150.4 2158.7 2163.4 
Goodness-of-fit Measures 
Same Jurisdiction training data: Observed Crashes = 815 
Mean Absolute Deviation (MAD) 0.72 0.7 0.72 
Percentage CURE Deviation (AADT Maj) 1% 1% 1% 
Percentage CURE Deviation (AADT Min) 1% 0% 3% 
Predicted Crashes 814.27 807.91 817.85 
Same Jurisdiction test data: Observed Crashes = 256 
Mean Absolute Deviation (MAD) 0.78 0.76 0.79 
Percentage CURE Deviation (AADT Maj) 3% 3% 3% 
Percentage CURE Deviation (AADT Min) 0% 1% 0% 
Predicted Crashes 208.20 205.78 208.86 
 Different Jurisdiction data: Observed Crashes = 963 
Mean Absolute Deviation (MAD) 0.29 0.29 0.29 
Percentage CURE Deviation (AADT Maj) 77% 91% 80% 
Percentage CURE Deviation (AADT Min) 46% 28% 52% 
Predicted Crashes 1840.94 1736.77 1876.51 
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Figure B-13: Power function SPF plots of Same Direction Crashes along with Observed Crashes plotted against Major Approach 
AADT for different ranges of Minor Approach AADT of 4ST intersections of Minnesota 
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Figure B-14: Hoerl A function SPF plots of Same Direction Crashes along with Observed Crashes plotted against Major Approach 
AADT for different ranges of Minor Approach AADT of 4ST intersections of Minnesota 
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Figure B-15: Hoerl B function SPF plots of Same Direction Crashes along with Observed Crashes plotted against Major 
Approach AADT for different ranges of Minor Approach AADT of 4ST intersections of Minnesota 
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function 
 
e) Same Direction Crashes with Hoerl B 
function 
f) Same Direction Crashes with Hoerl B 
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Figure B- 16(a-f):  CURE Plots for training data set of 4ST facility type of MN 
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Figure B- 17(a-f):  CURE Plots for test data set of 4ST facility type of MN 
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Figure B- 18(a-f):  CURE Plots for different jurisdiction data set of 4ST facility type of MN 
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Crash Type: Intersecting Direction Crashes 
Table B-4: Parameter Estimates and Goodness-of-Fit measures of Intersecting Direction Crashes 
for 4ST intersections of MN 
4ST Intersections   State: Minnesota     
Crash Type-Intersecting Direction  Functional form of SPF 
Coefficients * (p Values)  Power Hoerl A Hoerl B  
β0   -15.445 (<0.0001) -13.894 (<0.0001) -15.671(<0.0001) 
β1 0.304(<0.0001) 0.049 (0.131)  0.025 (0.387) 
β2 0.828(<0.0001) 0.118(0.387) 1.036(<0.0001) 
β3 - 0.051 (0.479) 1.275(0.045) 
β4 -  0.781(<0.0001) 0.524(<0.0001) 
-2LL 2763.6 2760.4 2753.7 
AIC 2771.6 2772.4 2765.7 
BIC 2791.5 2802.3 2795.6 
Goodness-of-fit Measures 
Same Jurisdiction training data: Observed Crashes = 1346 
Mean Absolute Deviation (MAD) 0.7 0.59 0.68 
Percentage CURE Deviation (AADT Maj) 2% 2% 2% 
Percentage CURE Deviation (AADT Min) 1% 1% 1% 
Predicted Crashes 1332.95 1356.11 1364.66 
Same Jurisdiction test data: Observed Crashes = 370 
Mean Absolute Deviation (MAD) 1.13 1.15 1.16 
Percentage CURE Deviation (AADT Maj) 25% 29% 28% 
Percentage CURE Deviation (AADT Min) 0% 0% 1% 
Predicted Crashes 347.71 350.75 355.67 
 Different Jurisdiction data: Observed Crashes = 2056 
Mean Absolute Deviation (MAD) 0.6 0.6 0.6 
Percentage CURE Deviation (AADT Maj) 68% 68% 69% 
Percentage CURE Deviation (AADT Min) 91% 92% 93% 
Predicted Crashes 3692.00 3767.00 3908.17 
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Figure B-19: Power function SPF plots of Intersecting Direction Crashes along with Observed Crashes plotted against Major 
Approach AADT for different ranges of Minor Approach AADT of 4ST intersections of Minnesota 
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Figure B-20: Hoerl A function SPF plots of Intersecting Direction Crashes along with Observed Crashes plotted against Major 
Approach AADT for different ranges of Minor Approach AADT of 4ST intersections of Minnesota 
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Figure B-21: Hoerl B function SPF plots of Intersecting Direction Crashes along with Observed Crashes plotted against Major 
Approach AADT for different ranges of Minor Approach AADT of 4ST intersections of Minnesota 
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Figure B- 22(a-f):  CURE Plots for training data set of 4ST facility type of MN 
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Figure B- 23(a-f):  CURE Plots for test data set of 4ST facility type of MN 
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Figure B- 24(a-f):  CURE Plots for different jurisdiction data set of 4ST facility type of MN 
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State: Ohio 
Crash Type: Total Crashes 
Table B-5: Parameter Estimates and Goodness-of-Fit measures of Total Crashes for 4ST 
intersections of OH 
4ST Intersections  State: Ohio     
Crash Type-Total Crashes  Functional form of SPF 
Coefficients * (p Values)  Power Hoerl A Hoerl B  
β0  -14.832 (<0.0001) -14.350 (<0.0001) -16.883 (<0.0001) 
β1 0.591 (<0.0001) 0.057 (0.0516) -0.038 (0.109) 
β2 0.451 (<0.0001) 0.429 (<0.0001) 1.185 (<0.0001) 
β3  - 
 
-0.0945 (0.025) 1.102 (0.018) 
β4 -  0.558 (<0.0001) 0.097 (0.272) 
-2LL 12042 12035 12016 
AIC 12050 12047 12028 
BIC 12077 12086 12068 
Goodness-of-fit Measures 
Same Jurisdiction training data: Observed Crashes = 4623 
Mean Absolute Deviation (MAD) 1.11 1.11 1.11 
Percentage CURE Deviation (AADT 
Maj) 
17% 16% 13% 
Percentage CURE Deviation (AADT 
Min) 
52% 37% 51% 
Predicted Crashes 4685.16 4664.58 4680.64 
Same Jurisdiction test data: Observed Crashes = 1228 
Mean Absolute Deviation (MAD) 1.16 1.16 1.16 
Percentage CURE Deviation (AADT 
Maj) 
0% 1% 0% 
Percentage CURE Deviation (AADT 
Min) 
3% 5% 1% 
Predicted Crashes 1182.60 1178.80 1183.71 
 Different Jurisdiction data: Observed Crashes = 3728 
Mean Absolute Deviation (MAD) 2.1 2.04 2.12 
Percentage CURE Deviation (AADT 
Maj) 
6% 1% 30% 
Percentage CURE Deviation (AADT 
Min) 
32% 38% 86% 
Predicted Crashes 1991.91 2053.39 1949.66 
 
 B-36 
 
 
 
Figure B-25: Power function SPF plots of Total Crashes along with Observed Crashes plotted against Major Approach AADT for 
different ranges of Minor Approach AADT of 4ST intersections of Ohio 
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Figure B-26: Hoerl A function SPF plots of Total Crashes along with Observed Crashes plotted against Major Approach AADT for 
different ranges of Minor Approach AADT of 4ST intersections of Ohio 
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Figure B-27: Hoerl B function SPF plots of Total Crashes along with Observed Crashes plotted against Major Approach AADT 
for different ranges of Minor Approach AADT of 4ST intersections of Ohio 
 B-39 
 
  
 
 
 
 
  
  
  
-150
-100
-50
0
50
100
150
200
0 10000 20000 30000
C
u
m
u
la
ti
v
e
 R
e
si
d
u
a
ls
Major Approach AADT
Cumulative
Res.
+ 2σ
Series3
-200
-150
-100
-50
0
50
100
150
200
250
300
0 5000 10000 15000
C
u
m
u
la
ti
v
e
 R
e
si
d
u
a
ls
Minor Approach AADT
Cumulative
Res.
+ 2σ
- 2σ
-150
-100
-50
0
50
100
150
200
0 10000 20000 30000
C
u
m
u
la
ti
v
e
 R
e
si
d
u
a
ls
Major Approach AADT
Cumulative
Res.
+ 2σ
- 2σ
-150
-100
-50
0
50
100
150
200
250
0 5000 10000 15000
C
u
m
u
la
ti
v
e
 R
e
si
d
u
a
ls
Minor Approach AADT
Cumulative
Res.
+ 2σ
- 2σ
-150
-100
-50
0
50
100
150
200
0 10000 20000 30000
C
u
m
u
la
ti
v
e
 R
e
si
d
u
a
ls
Major Approach AADT
Cumulative
Res.
+ 2σ
- 2σ
-200
-100
0
100
200
300
400
0 5000 10000 15000
C
u
m
u
la
ti
v
e
 R
e
si
d
u
a
ls
Minor Approach AADT
Cumulative
Res.
+ 2σ
- 2σ
a) Total Crashes with Power function b) Total Crashes with Power function 
c)Total Crashes with Hoerl A function d) Total Crashes with Hoerl A function 
e) Total Crashes with Hoerl B function f) Total Crashes with Hoerl B function 
Figure B- 28(a-f):  CURE Plots for training data set of 4ST facility type of OH 
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Figure B- 29(a-f):  CURE Plots for test data set of 4ST facility type of OH  
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Figure B- 30(a-f): CURE Plots for different jurisdiction data set of 4ST facility type of OH 
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Crash Type: Segment Related Crashes 
Table B-6: Parameter Estimates and Goodness-of-Fit measures of Segment Related Crashes for 
4ST intersections of OH 
4ST Intersections   State: Ohio     
Crash Type-Segment Related Crashes  Functional form of SPF 
Coefficients * (p Values)  Power Hoerl A Hoerl B  
β0   -13.273(<0.0001) -12.821 (<0.0001) - 14.92 (<0.0001) 
β1 0.30 (<0.0001) 0.072 (0.067) -0.017 (0.580) 
β2 0.351 (<0.0001) 0.100 (0.438) 0.723 (<0.0001) 
β3  - -0.133 (0.017) 0.142 (0.830) 
β4  - 
 
0.508 (<0.0001) 0.240 (0.067) 
-2LL 54747 5471.1 5476.3 
AIC 5501 5510.5 5515.7 
BIC 5466.7 5459.1 5464.3 
Goodness-of-fit Measures 
Same Jurisdiction training data: Observed Crashes = 1066 
Mean Absolute Deviation (MAD) 0.34 0.34 0.34 
Percentage CURE Deviation (AADT Maj) 0% 0% 0% 
Percentage CURE Deviation (AADT Min) 26% 12% 28% 
Predicted Crashes 1068.08 1067.31 468.75 
Same Jurisdiction test data: Observed Crashes = 270 
Mean Absolute Deviation (MAD) 0.34 0.34 0.34 
Percentage CURE Deviation (AADT Maj) 6% 7% 5% 
Percentage CURE Deviation (AADT Min) 2% 3% 1% 
Predicted Crashes 268.9 269.46 118.07 
 Different Jurisdiction data: Observed Crashes = 905 
Mean Absolute Deviation (MAD) 0.85 0.84 0.85 
Percentage CURE Deviation (AADT Maj) 30% 1% 37% 
Percentage CURE Deviation (AADT Min) 34% 66% 31% 
Predicted Crashes 452.04 458.80 198.07 
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Figure B-31: Power function SPF plots of Segment Related Crashes along with Observed Crashes plotted against Major Approach 
AADT for different ranges of Minor Approach AADT of 4ST intersections of Ohio 
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Figure B-32: Hoerl A function SPF plots of Segment Related Crashes along with Observed Crashes plotted against Major 
Approach AADT for different ranges of Minor Approach AADT of 4ST intersections of Ohio 
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Figure B-33: Hoerl B function SPF plots of Segment Related Crashes along with Observed Crashes plotted against Major 
Approach AADT for different ranges of Minor Approach AADT of 4ST intersections of Ohio 
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Figure B- 34(a-f): CURE Plots for training data set of 4ST facility type of OH 
 
 
a) Segment Related Crashes with Power 
function 
b) Segment Related Crashes with Power 
function 
d) Segment Related Crashes with Hoerl A 
function 
c) Segment Related Crashes with Hoerl A 
function 
e) Segment Related Crashes with Hoerl B 
function 
f) Segment Related Crashes with Hoerl B 
function 
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 Figure B- 35(a-f): CURE Plots for test data set of 4ST facility type of OH 
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Figure B- 36(a-f): CURE Plots for different jurisdiction data set of 4ST facility type of OH 
 
a) Segment Related Crashes with Power 
function 
b) Segment Related Crashes with Power 
function 
d) Segment Related Crashes with Hoerl A 
function 
c) Segment Related Crashes with Hoerl A 
function 
e) Segment Related Crashes with Hoerl B 
function 
f) Segment Related Crashes with Hoerl B 
function 
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Crash Type: Same Direction Crashes 
Table B-7: Parameter Estimates and Goodness-of-Fit measures of Same Direction Crashes for 
4ST intersections of OH 
4ST Intersections   State: Ohio     
Crash Type-Intersecting Direction  Functional form of SPF 
Coefficients * (p Values)  Power Hoerl A Hoerl B  
β0   -20.914(<0.0001) -21.79 (<0.0001) -21.932(<0.0001) 
β1 1.326(<0.0001) -0.012 (0.659)  -0.018 (0.368) 
β2 0.172(<0.0001) 1.367(<0.0001) 1.598(<0.0001) 
β3 - 0.033 (0.295) -1.228(0.013) 
β4 -  0.126 (0.014) 0.0747 (0.374) 
-2LL 8788.5 8787.3 8770.9 
AIC 8796.5 8799.3 8782.9 
BIC 8826.4 8844.2 8827.7 
Goodness-of-fit Measures 
Same Jurisdiction training data: Observed Crashes = 1066 
Mean Absolute Deviation (MAD) 0.34 0.34 0.34 
Percentage CURE Deviation (AADT Maj) 0% 0% 0% 
Percentage CURE Deviation (AADT Min) 26% 12% 28% 
Predicted Crashes 1068.08 1067.31 468.75 
Same Jurisdiction test data: Observed Crashes = 270 
Mean Absolute Deviation (MAD) 0.34 0.34 0.34 
Percentage CURE Deviation (AADT Maj) 6% 7% 5% 
Percentage CURE Deviation (AADT Min) 2% 3% 1% 
Predicted Crashes 268.9 269.46 118.07 
Different Jurisdiction data: Observed Crashes = 905 
Mean Absolute Deviation (MAD) 0.85 0.84 0.85 
Percentage CURE Deviation (AADT Maj) 30% 1% 37% 
Percentage CURE Deviation (AADT Min) 34% 66% 31% 
Predicted Crashes 452.04 458.80 198.07 
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Figure B-37: Power function SPF plots of Same Direction Crashes along with Observed Crashes plotted against Major Approach 
AADT for different ranges of Minor Approach AADT of 4ST intersections of Ohio 
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Figure B-38: Hoerl A function SPF plots of Same Direction Crashes along with Observed Crashes plotted against Major Approach 
AADT for different ranges of Minor Approach AADT of 4ST intersections of Ohio 
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Figure B-39: Hoerl B function SPF plots of Same Direction Crashes along with Observed Crashes plotted against Major Approach 
AADT for different ranges of Minor Approach AADT of 4ST intersections of Ohio 
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Figure B- 40(a-f): CURE Plots for training data set of 4ST facility type of OH 
 
 
a) Segment Related Crashes with Power 
function 
b) e ent elated rashes ith o er 
ti  
d) Segment Related Crashes with 
Hoerl A function 
c
a) Same Direction Crashes with Power 
function 
b) Same Direction Crashes with Power 
function 
c) Same Direction Crashes with Hoerl A 
function 
e) Same Direction Crashes with Hoerl B 
function 
f) Same Direction Crashes with Hoerl B 
function 
d) Same Direction Crashes with Hoerl A 
function 
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Figure B- 41(a-f): CURE Plots for test data set of 4ST facility type of OH 
 
a) Same Direction Crashes with Power 
function 
b) Same Direction Crashes with Power 
function 
c) Same Direction Crashes with Hoerl A 
function 
e) Same Direction Crashes with Hoerl B 
function 
f) Same Direction Crashes with Hoerl B 
function 
d) Same Direction Crashes with Hoerl A 
function 
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Figure B- 42(a-f): CURE Plots for different jurisdiction data set of 4ST facility type of OH 
 
 
 
a) Same Direction Crashes with Power 
function 
b) Same Direction Crashes with Power 
function 
c) Same Direction Crashes with Hoerl A 
function 
e) Same Direction Crashes with Hoerl B 
function 
f) Same Direction Crashes with Hoerl B 
function 
d) Same Direction Crashes with Hoerl A 
function 
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Crash Type: Intersecting Direction Crashes 
Table B-8: Parameter Estimates and Goodness-of-Fit measures of Intersecting Direction Crashes 
for 4ST intersections of OH
4ST Intersections   State: Ohio     
Crash Type-Intersecting Direction  Functional form of SPF 
Coefficients * (p Values)  Power Hoerl A Hoerl B  
β0   -22.0 (<0.0001)  - 20.401 (<0.0001) -24.086 (0.0001) 
β1 1.393 (<0.0001) 0.055 (0.196) -0.031 (0.3924) 
β2 0.297 (<0.0001) 1.167 (<0.0001) 1.844 (<0.0001) 
β3 -  0.005 (0.917) -0.071 (0.915) 
β4  - 
 
0.298 (0.0002) -0.023 (0.847) 
-2LL 4461.4 4459.7 4444.3 
AIC 4469.4 4471.7 4456.3 
BIC 4495.7 4511.1 4495.7 
Goodness-of-fit Measures 
Same Jurisdiction training data: Observed Crashes = 1066 
Mean Absolute Deviation (MAD) 0.34 0.34 0.34 
Percentage CURE Deviation (AADT Maj) 0% 0% 0% 
Percentage CURE Deviation (AADT Min) 26% 12% 28% 
Predicted Crashes 1068.08 1067.31 468.75 
Same Jurisdiction test data: Observed Crashes = 270 
Mean Absolute Deviation (MAD) 0.34 0.34 0.34 
Percentage CURE Deviation (AADT Maj) 6% 7% 5% 
Percentage CURE Deviation (AADT Min) 2% 3% 1% 
Predicted Crashes 268.9 269.46 118.07 
 Different Jurisdiction data: Observed Crashes = 905 
Mean Absolute Deviation (MAD) 0.85 0.84 0.85 
Percentage CURE Deviation (AADT Maj) 30% 1% 37% 
Percentage CURE Deviation (AADT Min) 34% 66% 31% 
Predicted Crashes 452.04 458.80 198.07 
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Figure B-43: Power function SPF plots of Intersectiing Direction Crashes along with Observed Crashes plotted against Major 
Approach AADT for different ranges of Minor Approach AADT of 4ST intersections of Ohio 
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Figure B-44: Hoerl A function SPF plots of Intersectiing Direction Crashes along with Observed Crashes plotted against Major 
Approach AADT for different ranges of Minor Approach AADT of 4ST intersections of Ohio 
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Figure B-45: Hoerl B function SPF plots of Intersectiing Direction Crashes along with Observed Crashes plotted against Major 
Approach AADT for different ranges of Minor Approach AADT of 4ST intersections of Ohio 
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Figure B- 46(a-f): CURE Plots for training data set of 4ST facility type of OH 
 
 
a) Intersecting Direction Crashes with 
Power function 
b) Intersecting Direction Crashes with Power 
function 
c) Intersecting Direction Crashes with Hoerl 
A function 
e) Intersecting Direction Crashes with 
Hoerl B function 
f) Intersecting Direction Crashes with 
Hoerl B function 
d) Intersecting Direction Crashes with Hoerl 
A function 
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Figure B- 47(a-f): CURE Plots for test data set of 4ST facility type of OH 
 
a) Intersecting Direction Crashes with 
Power function 
b) Intersecting Direction Crashes with Power 
function 
c) Intersecting Direction Crashes with Hoerl 
A function 
e) Intersecting Direction Crashes with 
Hoerl B function 
f) Intersecting Direction Crashes with 
Hoerl B function 
d) Intersecting Direction Crashes with Hoerl 
A function 
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Figure B- 48(a-f): CURE Plots for different jurisdiction data set of 4ST facility type of OH 
 
a) Intersecting Direction Crashes with 
Power function 
b) Intersecting Direction Crashes with Power 
function 
c) Intersecting Direction Crashes with Hoerl 
A function 
e) Intersecting Direction Crashes with 
Hoerl B function f) Intersecting Direction Crashes with 
Hoerl B function 
d) Intersecting Direction Crashes with Hoerl 
A function 
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Appendix C: 4SG models of Minnesota and Ohio  
This Appendix presents the parameter estimates and the plots of crashes against the 
traffic volume for the 4SG intersections of in Minnesota and Ohio for all crash types – total, 
segment related, same direction and both direction crashes. 
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State: Minnesota 
Crash Type: Total Crashes 
Table C-1: Parameter Estimates and Goodness-of-Fit measures of Total Crashes for 4SG 
intersections of MN 
 
 
 
 
4SG Intersections   State: Minnesota     
Crash Type- Total Crashes  Functional form of SPF 
Coefficients * (p Values)  Power Hoerl A Hoerl B  
β0  -18.265 (<0.0001) -13.98(0.0149) 11.92(0.061) 
β1 0.963 (<0.0001) 0.053 (0.4851) 0.056(0.326) 
β2 0.453 (0.0002) 0.49 (0.4702) 0.713(0.325) 
β3 - 0.033 (0.6679) -2.106 (0.350) 
β4 -  0.374 (0.1006) 0.606 (0.173) 
-2LL 315.7 315 314.8 
AIC 323.7 327 326.8 
BIC 331.8 339.1 338.9 
Goodness-of-fit Measures 
Same Jurisdiction training data: Observed Crashes = 472 
Mean Absolute Deviation (MAD) 4.11 4.1 4.09 
Percentage CURE Deviation (AADT Maj) 2% 2% 2% 
Percentage CURE Deviation (AADT Min) 2% 2% 2% 
Predicted Crashes 465.57 472.92 469.80 
Same Jurisdiction test data: Observed Crashes = 63 
Mean Absolute Deviation (MAD) 5.51 5.38 5.47 
Percentage CURE Deviation (AADT Maj) 0% 0% 0% 
Percentage CURE Deviation (AADT Min) 0% 0% 0% 
Predicted Crashes 54.96 54.52 52.79 
 Different Jurisdiction data: Observed Crashes = 146 
Mean Absolute Deviation (MAD) 2.23 2.29 2.30 
Percentage CURE Deviation (AADT Maj) 14% 22% 21% 
Percentage CURE Deviation (AADT Min) 31% 27% 25% 
Predicted Crashes 175.96 189.52 184.56 
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Figure C-1: Power function SPF plots of Total Crashes along with Observed Crashes plotted against Major Approach AADT for 
different ranges of Minor Approach AADT of 4SG intersections of Minnesota 
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Figure C-2: Hoerl A function SPF plots of Total Crashes along with Observed Crashes plotted against Major Approach AADT for 
different ranges of Minor Approach AADT of 4SG intersections of Minnesota 
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Figure C-3: Hoerl B function SPF plots of Total Crashes along with Observed Crashes plotted against Major Approach AADT for 
different ranges of Minor Approach AADT of 4SG intersections of Minnesota 
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Figure C- 4(a-f): CURE Plots for training data set of 4SG facility type of MN 
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Figure C- 5(a-f): CURE Plots for test data set of 4SG facility type of MN 
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a) Total Crashes with Power function 
b) Total Crashes with Power function 
d) Total Crashes with Hoerl A function 
c) Total Crashes with Hoerl A function 
e) Total Crashes with Hoerl B function f) Total Crashes with Hoerl B function 
Figure C- 6(a-f): CURE Plots for different jurisdiction data set of 4SG facility type of MN 
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Crash Type: Segment Related Crashes 
Table C-2: Parameter Estimates and Goodness-of-Fit measures of Segment Related Crashes for 
4SG intersections of MN 
 
 
 
 
4SG Intersections   State: Minnesota     
Crash Type- Segment Related  Functional form of SPF 
Coefficients * (p Values)  Power Hoerl A Hoerl B  
β0   -27.871(<0.0001) -21.75 (<0.0001) -54.658(0.041) 
β1 1.665(0.0011) 0.158 (0.3900) -0.1846 (0.334) 
β2 0.587 (0.0223) 0.1994(0.913) 5.1 (0.089) 
β3 - -0.228(0.2652) 1.808(0.712) 
β4 -  1.404 (0.0725) -0.245 (0.799) 
-2LL 142.8 140.7 141.2 
AIC 150.8 152.7 153.2 
BIC 158.9 164.8 165.3 
Goodness-of-fit Measures 
Same Jurisdiction training data: Observed Crashes = 63 
Mean Absolute Deviation (MAD) 0.98 0.96 1 
Percentage CURE Deviation (AADT Maj) 2% 2% 2% 
Percentage CURE Deviation (AADT Min) 14% 13% 13% 
Predicted Crashes 65.54 66.54 62.43 
Same Jurisdiction test data: Observed Crashes = 7 
Mean Absolute Deviation (MAD) 1.89 1.10 1.31 
Percentage CURE Deviation (AADT Maj) 0% 0% 0% 
Percentage CURE Deviation (AADT Min) 0% 0% 0% 
Predicted Crashes 8.93 8.18 9.37 
 Different Jurisdiction data: Observed Crashes = 8 
Mean Absolute Deviation (MAD) 0.20 0.20 0.19 
Percentage CURE Deviation (AADT Maj) 8% 4% 3% 
Percentage CURE Deviation (AADT Min) 53% 35% 81% 
Predicted Crashes 21.93 29.42 21.58 
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Figure C-7: Power function SPF plots of Segment Related Crashes along with Observed Crashes plotted against Major Approach 
AADT for different ranges of Minor Approach AADT of 4SG intersections of Minnesota 
C-16 
 
 
 
Figure C-8: Hoerl A function SPF plots of Segment Related Crashes along with Observed Crashes plotted against Major Approach 
AADT for different ranges of Minor Approach AADT of 4SG intersections of Minnesota 
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Figure C-9: Hoerl B function SPF plots of Segment Related Crashes along with Observed Crashes plotted against Major Approach 
AADT for different ranges of Minor Approach AADT of 4SG intersections of Minnesota 
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Figure C- 10(a-f): CURE Plots for training data set of 4SG facility type of MN 
a) Segment Related Crashes with Power 
function 
b) Segment Related Crashes with Power 
function 
d) Segment Related Crashes with Hoerl A 
function 
c) Segment Related Crashes with Hoerl A 
function 
e) Segment Related Crashes with Hoerl B 
function 
f) Segment Related Crashes with Hoerl B 
function 
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Figure C- 11(a-f): CURE Plots for test data set of 4SG facility type of MN 
a) Segment Related Crashes with Power 
function 
b) Segment Related Crashes with Power 
function 
d) Segment Related Crashes with Hoerl A 
function 
c) Segment Related Crashes with Hoerl A 
function 
e) Segment Related Crashes with Hoerl B 
function 
f) Segment Related Crashes with Hoerl B 
function 
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a) Segment Related Crashes with Power 
function 
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function 
d) Segment Related Crashes with Hoerl A 
function 
c) Segment Related Crashes with Hoerl A 
function 
e) Segment Related Crashes with Hoerl B 
function 
f) Segment Related Crashes with Hoerl B 
function 
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Figure C- 12(a-f): CURE Plots for different jurisdiction data set of 4SG facility type of MN 
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Crash Type: Same Direction Crashes 
Table C-3: Parameter Estimates and Goodness-of-Fit measures of Same Direction Crashes for 
4SG intersections of MN 
 
 
 
 
 
4SG Intersections   State: Minnesota     
Crash Type- Same Direction  Functional form of SPF 
Coefficients * (p Values)  Power Hoerl A Hoerl B  
β0   -21.401 (<0.0001) -14.087(<0.056) -18.319(0.0437) 
β1 1.186(<0.0001) 0.069 (0.439)  0.0539 (0.463) 
β2 0.4817(0.0003) 0.488(0.578) 1.094(0.282) 
β3 - 0.096 (0.272) 1.259(0.630) 
β4 -  0.229 (0.402) -0.076(0.882) 
-2LL 230.6 228.8 228.1 
AIC 238.6 240.8 240.1 
BIC 239.4 253 252.3 
Goodness-of-fit Measures 
Same Jurisdiction training data: Observed Crashes = 202 
Mean Absolute Deviation (MAD) 2.05 2.06 2.03 
Percentage CURE Deviation (AADT Maj) 2% 0% 0% 
Percentage CURE Deviation (AADT Min) 2% 2% 0% 
Predicted Crashes 199.34 205.20 203.71 
Same Jurisdiction test data: Observed Crashes = 28 
Mean Absolute Deviation (MAD) 2.36 2.55 2.58 
Percentage CURE Deviation (AADT Maj) 29% 14% 14% 
Percentage CURE Deviation (AADT Min) 0% 0% 0% 
Predicted Crashes 28.08 28.15 28.33 
 Different Jurisdiction data: Observed Crashes = 59 
Mean Absolute Deviation (MAD) 1.11 1.14 1.13 
Percentage CURE Deviation (AADT Maj) 8% 8% 6% 
Percentage CURE Deviation (AADT Min) 31% 30% 31% 
Predicted Crashes 72.82 84.69 88.35 
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Figure C-13: Power function SPF plots of Same Direction Crashes along with Observed Crashes plotted against Major Approach 
AADT for different ranges of Minor Approach AADT of 4SG intersections of Minnesota 
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Figure C-14: Hoerl A function SPF plots of Same Direction Crashes along with Observed Crashes plotted against Major Approach 
AADT for different ranges of Minor Approach AADT of 4SG intersections of Minnesota 
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Figure C-15: Hoerl B function SPF plots of Same Direction Crashes along with Observed Crashes plotted against Major Approach 
AADT for different ranges of Minor Approach AADT of 4SG intersections of Minnesota 
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a) Same Direction Crashes with Power 
function 
b) Same Direction Crashes with Power 
function 
d) Same Direction Crashes with Hoerl A 
function 
c) Same Direction Crashes with Hoerl A 
function 
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Figure C- 16(a-f): CURE Plots for training data set of 4SG facility type of MN 
e) Same Direction Crashes with Hoerl B 
function 
f) Same Direction Crashes with Hoerl B 
function 
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Figure C- 17(a-f): CURE Plots for test data set of 4SG facility type of MN 
a) Same Direction Crashes with Power 
function 
b) Same Direction Crashes with Power 
function 
d) Same Direction Crashes with Hoerl A 
function 
c) Same Direction Crashes with Hoerl A 
function 
e) Same Direction Crashes with Hoerl B 
function 
f) Same Direction Crashes with Hoerl B 
function 
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a) Same Direction Crashes with Power 
function 
b) Same Direction Crashes with Power 
function 
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Figure C- 18(a-f): CURE Plots for different jurisdiction data set of 4SG facility type of MN 
d) Same Direction Crashes with Hoerl A 
function 
c) Same Direction Crashes with Hoerl A 
function 
e) Same Direction Crashes with Hoerl B 
function 
f) Same Direction Crashes with Hoerl B 
function 
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Crash Type: Intersecting Direction Crashes 
Table C-4: Parameter Estimates and Goodness-of-Fit measures of Intersecting Direction Crashes 
for 4SG intersections of MN 
 
 
 
 
4SG Intersections   State: Minnesota     
Crash Type- Intersecting Direction  Functional form of SPF 
Coefficients * (p Values)  Power Hoerl A Hoerl B  
β0   -16.56 (<0.0001) -15.168 (0.0438) -9.893(0.213) 
β1 0.73(0.015) -0.017(0.861)  0.061 (0.399) 
β2 0.393(0.0072) 0.801(0.3712) 0.3686(0.6843) 
β3 - 0.12 (0.239) -1.622(0.596) 
β4 -  0.097(0.7315) 0.514(0.389) 
-2LL 230.6 236.2 237 
AIC 238.6 248.2 249 
BIC 246.7 260.3 261.1 
Goodness-of-fit Measures 
Same Jurisdiction training data: Observed Crashes = 179 
Mean Absolute Deviation (MAD) 2.07 2.08 2.08 
Percentage CURE Deviation (AADT Maj) 2% 2% 2% 
Percentage CURE Deviation (AADT Min) 0% 2% 2% 
Predicted Crashes 176.44 178.75 179.55 
Same Jurisdiction test data: Observed Crashes = 18 
Mean Absolute Deviation (MAD) 1.41 1.56 1.44 
Percentage CURE Deviation (AADT Maj) 14% 14% 14% 
Percentage CURE Deviation (AADT Min) 14% 0% 14% 
Predicted Crashes 25.21 26.47 25.01 
 Different Jurisdiction data: Observed Crashes = 79 
Mean Absolute Deviation (MAD) 1.27 1.3 1.3 
Percentage CURE Deviation (AADT Maj) 26% 30% 27% 
Percentage CURE Deviation (AADT Min) 3% 16% 4% 
Predicted Crashes 73.53 77.32 77.79 
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Figure C-19: Power function SPF plots of Intersecting Direction Crashes along with Observed Crashes plotted against Major 
Approach AADT for different ranges of Minor Approach AADT of 4SG intersections of Minnesota 
C-30 
 
 
 
Figure C-20: Hoerl A function SPF plots of Intersecting Direction Crashes along with Observed Crashes plotted against Major 
Approach AADT for different ranges of Minor Approach AADT of 4SG intersections of Minnesota 
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Figure C-21: Hoerl B function SPF plots of Intersecting Direction Crashes along with Observed Crashes plotted against Major 
Approach AADT for different ranges of Minor Approach AADT of 4SG intersections of Minnesota 
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Figure C- 22(a-f): CURE Plots for training data set of 4SG facility type of MN 
a) Intersecting Direction Crashes with 
Power function 
b) Intersecting Direction Crashes with 
Power function 
d) Intersecting Direction Crashes with 
Hoerl A function 
c) Intersecting Direction Crashes with 
Hoerl A function 
e) Intersecting Direction Crashes with 
Hoerl B function 
f) Intersecting Direction Crashes with 
Hoerl B function 
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Figure C- 23(a-f): CURE Plots for test data set of 4SG facility type of MN 
b) Intersecting Direction Crashes with 
Power function 
d) Intersecting Direction Crashes with 
Hoerl A function 
c) Intersecting Direction Crashes with 
Hoerl A function 
e) Intersecting Direction Crashes with 
Hoerl B function 
f) Intersecting Direction Crashes with 
Hoerl B function 
a) Intersecting Direction Crashes with 
Power function 
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Figure C- 24(a-f): CURE Plots for different jurisdiction data set of 4SG facility type of MN 
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State: Ohio 
Crash Type: Total Crashes 
Table C-5: Parameter Estimates and Goodness-of-Fit measures of Total Crashes for 4SG 
intersections of OH 
 
 
 
 
4SG Intersections   State: Ohio     
Crash Type- Total Functional form of SPF 
Coefficients * (p Values)  Power Hoerl A Hoerl B  
β0  -13.94(<0.0001) -20.567(<0.0001) -21.529 (<0.0001) 
β1 0.738 (<0.0001) -0.177(0.013) -0.082(0.077) 
β2 0.142 (0.068) 1.738(0.0002) 1.672 (0.0005) 
β3 - 0.058(0.3149) 1.076 (0.388) 
β4 -  0.0028(0.9841) -0.239 (0.318) 
-2LL 1083.6 1077.2 1077.6 
AIC 1091.6 1089.2 1089.6 
BIC 1106.6 1111.6 1112 
Goodness-of-fit Measures 
Same Jurisdiction training data: Observed Crashes = 574 
Mean Absolute Deviation (MAD) 1.97 1.88 1.89 
Percentage CURE Deviation (AADT Maj) 3% 3% 4% 
Percentage CURE Deviation (AADT Min) 1% 0% 0% 
Predicted Crashes 583.34 561.12 581.22 
Same Jurisdiction test data: Observed Crashes = 146 
Mean Absolute Deviation (MAD) 2.13 1.99 2.00 
Percentage CURE Deviation (AADT Maj) 3% 3% 4% 
Percentage CURE Deviation (AADT Min) 1% 10% 13% 
Predicted Crashes 145.70 134.10 144.87 
 Different Jurisdiction data: Observed Crashes = 472 
Mean Absolute Deviation (MAD) 4.42 5.04 4.85 
Percentage CURE Deviation (AADT Maj) 50% 82% 77% 
Percentage CURE Deviation (AADT Min) 46% 48% 63% 
Predicted Crashes 332.21 288.38 298.47 
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Figure C-25: Power function SPF plots of Total Crashes along with Observed Crashes plotted against Major Approach AADT for 
different ranges of Minor Approach AADT of 4SG intersections of Ohio 
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Figure C-26: Hoerl A function SPF plots of Total Crashes along with Observed Crashes plotted against Major Approach AADT for 
different ranges of Minor Approach AADT of 4SG intersections of Ohio 
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Figure C-27: Hoerl B function SPF plots of Total Crashes along with Observed Crashes plotted against Major Approach AADT for 
different ranges of Minor Approach AADT of 4SG intersections of Ohio 
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a) Total Crashes with Power function b) Total Crashes with Power function 
d) Total Crashes with Hoerl A function c) Total Crashes with Hoerl A function 
e) Total Crashes with Hoerl B function f) Total Crashes with Hoerl B function 
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Figure C- 28(a-f): CURE Plots for training data set of 4SG facility type of OH 
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a) Total Crashes with Power function b) Total Crashes with Power function 
d) Total Crashes with Hoerl A function c) Total Crashes with Hoerl A function 
e) Total Crashes with Hoerl B function f) Total Crashes with Hoerl B function 
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Figure C- 29(a-f): CURE Plots for test data set of 4SG facility type of OH 
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a) Total Crashes with Power function b) Total Crashes with Power function 
d) Total Crashes with Hoerl A function 
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c) Total Crashes with Hoerl A function 
e) Total Crashes with Hoerl B function f) Total Crashes with Hoerl B function 
Figure C- 30(a-f): CURE Plots for different jurisdiction data set of 4SG facility type of OH 
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Crash Type: Segment Related Crashes 
Table C-6: Parameter Estimates and Goodness-of-Fit measures of Segment Related Crashes for 
4SG intersections of OH 
 
4SG Intersections   State: Ohio     
Crash Type- Segment Related Functional form of SPF 
Coefficients * (p Values)  Power Hoerl A Hoerl B  
β0   -13.813(<0.0001) -26.268(0.0024) -24.215 (0.003) 
β1 0.554(0.038) -0.285 (0.082) -0.088(0.277) 
β2 -0.021 (0.853) 2.403(0.034) 1.586 (0.100) 
β3 - 0.1224(0.172) 2.167 (<0.0001) 
β4 -  -0.300 (0.217) -0.549 (<0.001) 
-2LL 226.1 221.1 221.9 
AIC 234.1 233.1 233.9 
BIC 234.2 233.4 256.4 
Goodness-of-fit Measures 
Same Jurisdiction training data: Observed Crashes = 36 
Mean Absolute Deviation (MAD) 0.2 0.2 0.2 
Percentage CURE Deviation (AADT Maj) 15% 5% 9% 
Percentage CURE Deviation (AADT Min) 2% 2% 2% 
Predicted Crashes 35.94 36.00 36.50 
Same Jurisdiction test data: Observed Crashes =8 
Mean Absolute Deviation (MAD) 0.19 0.19 0.19 
Percentage CURE Deviation (AADT Maj) 9% 5% 8% 
Percentage CURE Deviation (AADT Min) 42% 47% 48% 
Predicted Crashes 9.00 8.40 9.09 
 Different Jurisdiction data: Observed Crashes = 63 
Mean Absolute Deviation (MAD) 1.18 1.31 1.20 
Percentage CURE Deviation (AADT Maj) 57% 77% 68% 
Percentage CURE Deviation (AADT Min) 30% 16% 27% 
Predicted Crashes 18.65 16.86 17.36 
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Figure C-31: Power function SPF plots of Segment Related Crashes along with Observed Crashes plotted against Major Approach 
AADT for different ranges of Minor Approach AADT of 4SG intersections of Ohio 
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Figure C-32: Hoerl A function SPF plots of Segment Related Crashes along with Observed Crashes plotted against Major 
Approach AADT for different ranges of Minor Approach AADT of 4SG intersections of Ohio 
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Figure C-33: Hoerl B function SPF plots of Segment Related Crashes along with Observed Crashes plotted against Major 
Approach AADT for different ranges of Minor Approach AADT of 4SG intersections of Ohio 
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a) Segment Related Crashes with Power 
function 
b) Segment Related Crashes with Power 
function 
d) Segment Related Crashes with Hoerl A 
function 
c) Segment Related Crashes with Hoerl A 
function 
e) Segment Related Crashes with Hoerl B 
function 
f) Segment Related Crashes with Hoerl B 
function 
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Figure C- 34(a-f): CURE Plots for training data set of 4SG facility type of OH 
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a) Segment Related Crashes with Power 
function 
b) Segment Related Crashes with Power 
function 
d) Segment Related Crashes with Hoerl A 
function 
c) Segment Related Crashes with Hoerl A 
function 
e) Segment Related Crashes with Hoerl B 
function 
f) Segment Related Crashes with Hoerl B 
function 
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Figure C- 35(a-f): CURE Plots for test data set of 4SG facility type of OH 
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a) Segment Related Crashes with Power 
function 
b) Segment Related Crashes with Power 
function 
d) Segment Related Crashes with Hoerl A 
function 
c) Segment Related Crashes with Hoerl A 
function 
e) Segment Related Crashes with Hoerl B 
function 
f) Segment Related Crashes with Hoerl B 
function 
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Figure C- 36(a-f): CURE Plots for different jurisdiction data set of 4SG facility type of OH 
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Crash Type: Same Direction Crashes 
Table C-7: Parameter Estimates and Goodness-of-Fit measures of Same Direction Crashes for 
4SG intersections of OH 
 
4SG Intersections   State: Ohio     
Crash Type- Same Direction Functional form of SPF 
Coefficients * (p Values)  Power Hoerl A Hoerl B  
β0   -18.044 (<0.0001) -29.115(<0.0001) -32.06 (<0.0001) 
β1 1.112(<0.0001) -0.249 (0.003) -0.134 (0.009) 
β2 0.142(0.093) 2.72(<0.0001) 2.776 (<0.0001) 
β3 - 0.078 (0.1739) 0.976 (0.441) 
β4 -  -0.056(0.718) -0.339 (0.170) 
-2LL 732.7 721.9 720.4 
AIC 740.7 733.9 732.4 
BIC 755.7 756 754.9 
Goodness-of-fit Measures 
Same Jurisdiction training data: Observed Crashes = 262 
Mean Absolute Deviation (MAD) 1.02 0.95 0.96 
Percentage CURE Deviation (AADT Maj) 8% 5% 5% 
Percentage CURE Deviation (AADT Min) 2% 1% 0% 
Predicted Crashes 273.74 257.72 247.21 
Same Jurisdiction test data: Observed Crashes =59 
Mean Absolute Deviation (MAD) 1.08 1.00 1.00 
Percentage CURE Deviation (AADT Maj) 8% 6% 6% 
Percentage CURE Deviation (AADT Min) 1% 19% 16% 
Predicted Crashes 69.27 60.45 62.33 
 Different Jurisdiction data: Observed Crashes = 202 
Mean Absolute Deviation (MAD) 2.19 2.46 2.39 
Percentage CURE Deviation (AADT Maj) 9% 66% 57% 
Percentage CURE Deviation (AADT Min) 41% 29% 82% 
Predicted Crashes 172.18 145.32 142.68 
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Figure C-37: Power function SPF plots of Same Direction Crashes along with Observed Crashes plotted against Major Approach 
AADT for different ranges of Minor Approach AADT of 4SG intersections of Ohio 
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Figure C-38: Hoerl A function SPF plots of Same Direction Crashes along with Observed Crashes plotted against Major Approach 
AADT for different ranges of Minor Approach AADT of 4SG intersections of Ohio 
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Figure C-39: Hoerl B function SPF plots of Same Direction Crashes along with Observed Crashes plotted against Major Approach 
AADT for different ranges of Minor Approach AADT of 4SG intersections of Ohio 
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Figure C- 40(a-f): CURE Plots for training data set of 4SG facility type of OH 
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a) Same Direction Crashes with Power 
function 
b) Same Direction Crashes with Power 
function 
d) Same Direction Crashes with Hoerl A 
function 
c) Same Direction Crashes with Hoerl A 
function 
e) Same Direction Crashes with Hoerl B 
function 
f) Same Direction Crashes with Hoerl B 
function 
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Figure C- 41(a-f): CURE Plots for test data set of 4SG facility type of OH 
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a) Same Direction Crashes with Power 
function 
b) Same Direction Crashes with Power 
function 
d) Same Direction Crashes with Hoerl A 
function 
c) Same Direction Crashes with Hoerl A 
function 
e) Same Direction Crashes with Hoerl B 
function 
f) Same Direction Crashes with Hoerl B 
function 
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Figure C- 42(a-f): CURE Plots for different jurisdiction data set of 4SG facility type of OH 
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Crash Type: Intersecting Direction Crashes 
Table C-8: Parameter Estimates and Goodness-of-Fit measures of Intersecting Direction Crashes 
for 4SG intersections of OH 
4SG Intersections   State: Ohio     
Crash Type- Intersecting Direction Functional form of SPF 
Coefficients * (p Values)  Power Hoerl A Hoerl B  
β0   -11.907(<0.0001) -18.24 (<0.0001) -17.874 (<0.0001) 
β1 0.384(0.05) -0.156(0.053) -0.069(0.167) 
β2 0.185(0.050) 1.289(0.013) 1.222 (0.018) 
β3 - 0.028 (0.648) 0.747 (0.604) 
β4 -  0.111(0.498) -0.047 (0.866) 
-2LL 777.8 773.9 775.3 
AIC 785.8 785.9 787.3 
BIC 800.7 808.3 809.7 
Goodness-of-fit Measures 
Same Jurisdiction training data: Observed Crashes = 276 
Mean Absolute Deviation (MAD) 1.1 1.08 1.09 
Percentage CURE Deviation (AADT Maj) 3% 2% 2% 
Percentage CURE Deviation (AADT Min) 0% 0% 0% 
Predicted Crashes 275.85 272.21 275.69 
Same Jurisdiction test data: Observed Crashes =79 
Mean Absolute Deviation (MAD) 1.21 1.16 1.16 
Percentage CURE Deviation (AADT Maj) 6% 3% 4% 
Percentage CURE Deviation (AADT Min) 4% 5% 3% 
Predicted Crashes 68.16 65.91 68.39 
 Different Jurisdiction data: Observed Crashes = 179 
Mean Absolute Deviation (MAD) 2.2 2.37 2.37 
Percentage CURE Deviation (AADT Maj) 50% 77% 59% 
Percentage CURE Deviation (AADT Min) 20% 25% 23% 
Predicted Crashes 139.52 127.29 130.46 
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Figure C-43: Power function SPF plots of Intersecting Direction Crashes along with Observed Crashes plotted against Major 
Approach AADT for different ranges of Minor Approach AADT of 4SG intersections of Ohio 
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Figure C-44: Hoerl A function SPF plots of Intersecting Direction Crashes along with Observed Crashes plotted against Major 
Approach AADT for different ranges of Minor Approach AADT of 4SG intersections of Ohio 
C-59 
 
 
Figure C-45: Hoerl B function SPF plots of Intersecting Direction Crashes along with Observed Crashes plotted against Major 
Approach AADT for different ranges of Minor Approach AADT of 4SG intersections of Ohio 
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a) Intersecting Direction Crashes with 
Power function 
b) Intersecting Direction Crashes with 
Power function 
d) Intersecting Direction Crashes with 
Hoerl A function 
c) Intersecting Direction Crashes with 
Hoerl A function 
e) Intersecting Direction Crashes with 
Hoerl B function 
f) Intersecting Direction Crashes with 
Hoerl B function 
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Figure C- 46(a-f): CURE Plots for training data set of 4SG facility type of OH 
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Power function 
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Power function 
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Figure C- 47(a-f): CURE Plots for test data set of 4SG facility type of OH 
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a) Intersecting Direction Crashes with 
Power function 
b) Intersecting Direction Crashes with 
Power function 
d) Intersecting Direction Crashes with 
Hoerl A function 
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f) Intersecting Direction Crashes with 
Hoerl B function 
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Figure C- 48(a-f): CURE Plots for different jurisdiction data set of 4SG facility type of OH 
